In this review, "asbestos" is a commercial term often used as an identifier as related to regulatory definitions and refers to a group of naturally occurring mineral fibers, including amphiboles (crocidolite, amosite, tremolite, anthophyllite and actinolite) and chrysotile, the sole serpentine fibers (Case et al., 2011, this issue). Asbestos has been mined and used extensively in industry and households for decades globally. Occupational and environmental exposure of asbestos fibers induces several human diseases, including asbestosis, pleural plaques, lung cancer, mesothelioma, and possibly diseases in nonrespiratory organ systems ([@ref63]; [@ref138]; [@ref141]; [@ref285]). Asbestos has been classified as a Group I human carcinogen by the International Agency for Research on Cancer ([@ref138]). The association between exposure to asbestos fibers and development of lung cancer and mesothelioma is well established in both humans and experimental animals ([@ref165]; [@ref217]; [@ref311]; [@ref329]). In addition, cigarette smoking enhances lung cancer incidence among asbestos workers in a synergistic fashion ([@ref111]; [@ref270]). As a result, the U.S. Environmental Protection Agency has restricted the industrial use of asbestos since the early 1970s and there has been legislation proposed in the United States over the years to ban the use of all types of asbestos (<http://murray.senate.gov/public/index.cfm?p=BanAsbestosInAmerica>). However, asbestos fibers continue to pose an important health concern due to the long latency period of asbestos-induced diseases. Moreover, asbestos is still widely used in many developing countries ([@ref308]). Therefore, a better understanding of the pathogenic/carcinogenic mechanisms of asbestos is critical for the prevention and treatment of fiber-induced diseases including mesothelioma, an often fatal cancer with an average patient survival of less than 10 mo from the time of diagnosis.

The mechanisms by which asbestos fibers produce malignancy and fibrosis are not entirely clear at present. Various in vitro and in vivo studies suggested that fiber dimensions, surface properties, shape and crystallinity, chemical composition, physical durability, and exposure route, duration, and dose are important determinants of the biological activities of fibers ([@ref215]; [@ref269]; [@ref282]). The variations in physical and chemical properties between different types of asbestos fibers are likely to account for differences in pathogenicity. For example, amphiboles might be more carcinogenic than serpentine ([@ref44]; [@ref47]; [@ref129]; [@ref265]). Nevertheless, all types of asbestos were found to be carcinogenic ([@ref285]). There is evidence that the key events, including oxidative stress, chronic inflammation, and genetic and epigenetic alterations, as well as cellular toxicity and fibrosis, are induced by all types of asbestos fibers analyzed ([@ref20]; [@ref121]; [@ref166]; [@ref216]; [@ref297]). These events are not completely independent of, and may be interrelated with, each other. These events are involved in the complex mechanisms of asbestos-induced diseases; the contribution from each event might vary depending on the species and fiber and disease types.

The purpose of this review was to examine the role of mutagenicity---in a broader sense, genetic alterations---in asbestos fiber-induced diseases. This review focuses on the link between mutagenicity and fiber carcinogenicity mainly because it is more extensively studied and better understood, compared with the association of mutagenicity with noncancerous diseases. When examining fiber-induced non-cancer-related health endpoints, an association with a broader term, "genotoxicity," rather than mutagenicity, was addressed. For the purpose of this review, studies of all six forms of asbestos are included. In addition, some of the studies on man-made fiber-induced or erionite (a naturally occurring fibrous mineral)-induced diseases, which share similar molecular pathways with and may aid to illustrate the mechanisms underlying asbestos-induced pathogenicity, are also reviewed in the current article. The majority of studies reviewed in this report were conducted using doses below the overload threshold. Five specific areas were addressed in this review, including (i) mutagenicity as a possible mode of action of asbestos and related mineral fibers; (ii) mutagenicity/carcinogenicity at low dose (presence of a possible threshold dose); (iii) biological activities that contribute to mutagenicity and impact of target tissue/cell type; (iv) health end-points with or without mutagenicity as a key event; and finally, (v) determinant factors of toxicity in mutagenicity. After a review of the literature, a consensus statement is provided stipulating what is known for sure, what is believed to be factual but requires confirmation, and what areas are uncertain and require additional research pertaining to mutagenicity as a possible mode of action for fiber pathogenicity.

IS THERE A MUTAGENIC MODE OF ACTION (MOA) IN FIBER CARCINOGENESIS? {#s1}
==================================================================

Mutation refers to "permanent changes in the structure and/or amount of the genetic material of an organism that leads to heritable changes in its function, and includes gene mutations as well as structural and numerical chromosome alterations" ([@ref89]). According to the current knowledge, cancer is a genetic disease that arises through a multistep process, and several mutations are required to convert a normal cell into a malignant one ([@ref96]; [@ref309]). Cancer is the result of the accumulation of multiple mutations that result in ultimate autonomy, unlimited growth, and metastasis of target cells and tissues ([@ref281]). The mutations involved in carcinogenicity may be generated through two broad modes of actions (MOAs). The first MOA involves direct changes in the structure or content of the genome (mutagenic effects) and/or epigenome (composed of two modules: methylated cytosines located in the dinucleotide sequence CG of DNA, and the chromatin and its associated chromatin-modifying and remodeling activities). The second MOA is indirect alteration in cellular homeostasis, which promotes cell proliferation and growth, thus facilitating the accumulation of spontaneous mutations in the target cells (nonmutagenic mechanism) ([@ref318]). Environmental carcinogens may increase the risk of neoplasms in humans or animals through mutagenic or nonmutagenic mechanisms or both. Thus far, data from existing literature collectively indicate that asbestos fiber-induced carcinogenicity involves both pathways ([@ref19]; [@ref166]; [@ref231]; [@ref314]). The current section reviews the experimental evidence of a mutagenic MOA in asbestos fiber-induced carcinogenicity. The existing evidence suggests that asbestos fibers are mutagenic carcinogens, which are defined as cancer-causing agents, chemical or physical, that induce mutations in an organism. The potential mechanisms of asbestos fiber mutagenesis are also summarized in this section.

It should be noted that most of the evidence linking a direct mutagenic effect of asbestos fibers is from in vitro studies. A noninvasive approach for obtaining biopsy tissues periodically from animal models or human subjects is still not available. The limited in vivo evidence of mutagenicity was identified from tumor tissues of humans or sacrificed animals. In this case, it was hard to establish the causal effect of the identified mutations on asbestos-induced cancers. As such, the current knowledge of fiber mutagenesis relies mostly on in vitro studies, where asbestos fiber doses were measured mostly in micrograms per square centimeter surface area of tissue culture dish and sometimes in micrograms per millilter. The advantages and disadvantages of in vitro versus in vivo assays for studying asbestos and others fibers are addressed in another review (Mossman et al., 2011, this issue). Although fiber length is usually not provided in these studies, it should be pointed out that most of them used standard reference samples with well-defined fiber dimensions ([@ref39]; [@ref292]; [@ref293]). The fiber count for a certain mass concentration of asbestos fibers was reported by ([@ref117]). For example, the NIEHS chrysotile (geometric mean length 1.2 μm, Jeffery Mine, Quebec, Canada) has a total fiber count of approximately 10^5^ fibers/cm^3^ (fiber mass concentration = 10 mg/m^3^) when measured by scanning electron microscopy (SEM) ([@ref206]). Thus, 1 μg asbestos corresponds to 10^7^ fibers measured by SEM, while transmission electron microscopy (TEM) measurement of the same mass concentration consistently showed a more than 10-fold higher number of fibers ([@ref41]). The discrepancy is often due to the detection limit/resolution of the former methodology. Nonetheless, measurement data could be used as reference for calculating the cellular exposure doses under in vitro conditions. Thus, doses reported as micrograms per square centimeter surface area could be converted into fibers per cell, given a known cell density.

Evidence of Asbestos-Induced Mutagenicity {#s2}
-----------------------------------------

Although there is considerable evidence that asbestos fibers induce chromosome aberrations (CA), micronucleus (MN) formation, and aneuploidy, indicative of mutational events, earlier experimental data failed to detect any asbestos-induced genetic mutations in short-term assays. These include gene mutation assays in bacteria, and in vitro mammalian mutation assays at the hypoxanthine guanine phosphoribosyltransferase (HPRT), thymidine kinase (tk), and ouabain (oua) loci using cells from humans, mouse lymphomas, and Chinese hamsters ([@ref51]; [@ref261]; [@ref272]). Subsequent studies suggested that this might be a result of multilocus deletions induced predominantly by asbestos that are not compatible with the survival of the mutants ([@ref120]; [@ref237]). In recent years, several mutagenic assays that are proficient in detecting either large deletions, homologous recombinations, or score mutants located on nonessential genes were used successfully to demonstrate the mutagenic potential of various fiber types ([@ref38]; [@ref249]; [@ref263]). Asbestos fibers were found to induce large gene mutations, CA, and aneuploidy in mammalian cells in vitro ([@ref144]; [@ref147]; [@ref318]). In March 2009, IARC reassessed the carcinogenicity of asbestos fibers based on cohort studies of women heavily exposed to asbestos in the workplace. It was concluded that asbestos induced mutagenicity, CA, aneuploidy, polyploidy, and epigenetic alterations in the disease process ([@ref285]). In vitro and in vivo evidence, as well as human studies of asbestos fiber-mediated mutagenesis at both gene and chromosomal levels, are summarized in this section ([Table 1](#T1A){ref-type="table"}).

In Vitro Evidence of Asbestos-Induced Gene Mutations {#s3}
----------------------------------------------------

In the human--hamster hybrid A~L~ cell system, chrysotile and crocidolite asbestos induced both intragenic and multilocus mutations in a concentration-dependent manner within the tested concentration range (0.5--8 μg/cm^2^) ([@ref120]; [@ref327]). Southern analysis confirmed that the majority of the induced mutants contained large deletions ranging from a few thousand to several million base pairs. In another system, crocidolite and erionite (50 or 200 μg/ml for 72 h)-treated human lymphocytes were shown to have increased mutations arising from loss of heterozygosity (LOH) at the autosomal HLA-A locus and other distal loci ([@ref37]). Crocidolite exposure at the same doses (equivalent to 18.75 and 75 μg/cm^2^) for 72 h produced similar LOH in a human mesothelioma cell line ([@ref38]). [@ref249] observed a twofold rise in the mutation frequency at the glutamate-pyruvate transaminase (gpt) locus of G12 (Chinese hamster transgenic hgprt^−^, gpt^+^ V79) cells after exposure to 6 μg/cm^2^ NIEHS crocidolite for 24 h. Consistently, in primary mouse embryo fibroblasts (MEFs) isolated from gpt delta transgenic mice, International Union Against Cancer (UICC) chrysotile asbestos treatment at 1--4 μg/cm^2^ for 24 h significantly increased the number of lambda mutants ([@ref325]). Collectively, these gene mutations may arise from DNA damages, such as DNA adducts and DNA strand breaks, induced by asbestos ([@ref147]).

In Vitro Evidence of Asbestos-Induced Chromosomal Mutations {#s4}
-----------------------------------------------------------

The chromosomal mutations induced by asbestos fibers could be structural (deletions, translocations, inversions, duplications, and sister chromatid exchanges \[SCE\]) or numerical (aneuploidy, polyploidy, or hyperdiploidy). These mutations are derived from different types of chromosomal damages induced by asbestos fibers, including chromosomal breakages and fragments (micronuclei), lagging chromosomes, exchange of chromosomal segments between two chromosomes, and missegregation of chromosomes.

Numerous studies from the 1970s to 1990s, with the use of conventional cytogenetic analyses, demonstrated that different types of asbestos fibers (chrysotile, crocidolite, amosite, or tremolite) induced various numerical chromosomal changes, or structural chromosomal aberrations in meta-and anaphases (lagging chromosomes, bridges, fragments, exchanges), in cultured mammalian cells, including human lymphocytes, Chinese hamster ovarian (CHO) cells, human fibroblast, human and rat pleural mesothelial cells, and Syrian hamster embryo (SHE) cells, after short-term treatments (6--96 h) ([@ref11]; [@ref125]; [@ref150]; [@ref179]; [@ref180]; [@ref194]; [@ref241]; [@ref305]; [@ref332]). The fiber concentrations used in these studies are arbitrary ranging from 0.5 to 4 μg/cm^2^ or from 0.1 to 10 μg/ml. A couple of studies used a relatively higher dose of 100 μg/ml; however, a significant increase in overall incidence of aberrations was observed at a concentration as low as 0.1 μg/ml ([@ref179]; [@ref194]). Some studies examined the effects of different types of asbestos and reported varied potency of these fibers. For example, 2 μg/cm^2^ chrysotile was more potent in inducing cytogenetic effects and cell transformation in SHE cells than crocidolite (both types of asbestos were UICC fibers) and thin glass fibers at the same dosage, while thick glass fibers were much less potent and nonfibrous alpha-quartz had no effect ([@ref241]). In another study, Canadian chrysotile was able to induce chromosomal abnormalities at a concentration of 2 μg/cm^2^, while UICC crocidolite induced similar effects at a higher concentration (7 μg/cm^2^) ([@ref332]). However, when fibers are counted by the number of long and thin fibers (length \> 8 μm, diameter ≤ 0.25 μm) per μg/cm^2^, crocidolite was more potent than chrysotile ([@ref332]). Both studies indicated that physical characteristics of the fibers affected the ability to induce chromosomal mutations. A more complete list of these studies is reviewed elsewhere ([@ref147]). In later studies, using a combination of the approaches including kinetochore staining, supravital ultraviolet (UV) microscopy, and fluorescence in situ hybridization (FISH) with tandem DNA probes, it was consistently shown that UICC standard amosite, chrysotile, and crocidolite asbestos fibers (0.5--10 μg/cm^2^) significantly enhanced the induction of MN, chromosomal breakage and loss, and hyperdiploidy in human amniotic fluid cells (AFC) and hamster SHE cells in a concentration-dependent manner after 48 or 66 h of exposure ([@ref79], [@ref81]; [@ref80]). Overall, these alterations are found to be concentration dependent in most of the studies, but also highly dependent on the cell and fiber type. The low dose effect is addressed later, in the section "Mutagenesis/Carcinogenesis at Low Dose."

###### 

Dose-Effect Relationship of Asbestos-Induced Mutagenic/Carcinogenic Responses---DNA Alterations

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reference      Study type         Assay system                                                                                          Assay endpoints                                                                                                                                                                                                                     Dose-response Shape                                                          Limit dose with response (significant?)                                           Limit significant (or dose)                                                                              Lowest effective dose[^\#^](#T1AFN1){ref-type="table-fn"}   Type of assay[∗](#T1AFN6){ref-type="table-fn"}
  -------------- ------------------ ----------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------- --------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------- ----------------------------------------------------------- ------------------------------------------------
  ([@ref59])     Cells Prokaryote   *Escherichia coli*                                                                                    Richterite (analogue of tremolite)\                                                                                                                                                                                                 Not done                                                                     Mutations w/wo S9, 0.01g/plate                                                                                                                                                             (0.01g/plate)[^3^](#T1AFN4){ref-type="table-fn"}            DNA bacteria
                                                                                                                                          Ames test w/wo rat liver homogenates (S9)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

  ([@ref93])     Cells Prokaryote   *S. typhimurium TA* 102                                                                               UICC Ch, Cr: 5--500 μg/plate mutagenicity                                                                                                                                                                                           Dose-effect                                                                  Cr = 10 μg/plate\                                                                                                                                                                          (10 μg/plate)[^3^](#T1AFN4){ref-type="table-fn"}            DNA Bacteria
                                                                                                                                                                                                                                                                                                                                                                                                                                                           Ch = no effect                                                                                                                                                                                                                                         

  ([@ref131])    Cells Prokaryote   S. typhimurium TA 104                                                                                 UICC Ch: 0.4 mg, UICC Cr: 0.4, 0.8 mg---DNA adducts                                                                                                                                                                                 Not done (1 dose)                                                                                                                                              Ch, Cr: 0.4 mg                                                                                           (0.4 mg)[^1^](#T1AFN2){ref-type="table-fn"}                 DNA Bacteria

  ([@ref28])     Cells              Human normal mesothelial                                                                              UICC: B Ch, Am: (a) cytotoxicity: 1--10 μg/cm^2^, (b) DNA synthesis: 0.5--10 μg/cm^2^, (c) DNA adducts: 8-OH-dG (with AM 10 μg/cm^2^), apoptosis, signaling, transformation (focus assay)                                           Dose-effect (a) plateau                                                      \(a\) 1 μg/cm^2^ no transformation                                                \(c\) 8-OH-dG/10 μg/cm^2^                                                                                (10 μg/cm^2^)[^1^](#T1AFN2){ref-type="table-fn"}\           DNA
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      (10 μg/cm^2^)[^4^](#T1AFN5){ref-type="table-fn"}            

  ([@ref31])     Cells              Mouse macrophages, MM; RAW264.7 cells; primary alveolar macrophages lavaged from C57BL/6 mice (PAM)   Libby amphibole fibers (6-mix), Cr (RTI, NC)\                                                                                                                                                                                       Not done (a)\                                                                \(a\) 5 μg/cm^2^ S6 mix uptake in RAW264.7\                                       \(b\) 6.25 μg/cm^2^ S6 mix in RAW264.7                                                                   (62.5 μg/cm^2^)[^1^](#T1AFN2){ref-type="table-fn"}          DNA
                                                                                                                                          (a) internalization 5 μg/cm^2^\                                                                                                                                                                                                     Dose-effect (b)\                                                             (c) 8-oxo-dG and DSBs, in RAW264.7: 62.5 μg/cm^2^ Cr; 62.5 μg/cm^2^ S6 mix n.s.                                                                                                                                                                        
                                                                                                                                          (b) ROS production 6.25--62.5 μg/cm^2^\                                                                                                                                                                                             Not done (c)                                                                                                                                                                                                                                                                                                                        
                                                                                                                                          (c) 8-oxo-dG and DSBs (comet)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           

  ([@ref50])     Cells              MeT-5A                                                                                                NIEHSCr: 1, 2, 5, 10 μg/cm^2^ (Comet ± Fpg)                                                                                                                                                                                         Dose-effect (+ Fpg) = oxidative)-plateau                                                                                                                       1 μg/cm^2^                                                                                               (1.0 μg/cm^2^)[^1^](#T1AFN2){ref-type="table-fn"}           DNA

  ([@ref52])     Cells              A549 human epithelial                                                                                 Cr: 1.5, 3, 6 μg/cm^2^ (a) cytotoxicity, (b) NO production, (c) 8OH-dG in DNA                                                                                                                                                       Not done (≈ plateau, cytox---linear n = 3)                                   \(a\) 1.5 μg/cm^2^\                                                               \(c\) 1.5 μg/cm^2^                                                                                       (1.5 μg/cm^2^)[^1^](#T1AFN2){ref-type="table-fn"}           DNA
                                                                                                                                                                                                                                                                                                                                                                                                                                                           (b) Concentration not provided                                                                                                                                                                                                                         

  ([@ref72])     Cells              Hepatocytes                                                                                           UICCB Ch: 10, 100 μg/ml---UDS                                                                                                                                                                                                       No effect---linear negative slope (toxicity)                                                                                                                                                                                                                            (100 μg/ml)[^4^](#T1AFN5){ref-type="table-fn"}              DNA

  ([@ref71]).    Cells              Hepatocytes                                                                                           UICCB Ch: 10 μg/ml---UDS                                                                                                                                                                                                            No effect (1 point)                                                                                                                                                                                                                                                     (10 μg/ml)[^4^](#T1AFN5){ref-type="table-fn"}               DNA

  ([@ref76])     Cells              Rat pleural meso                                                                                      UICC: A Ch, Cr\                                                                                                                                                                                                                     \(a\) ≈ plateau\                                                             \(a\) 2 μg/cm^2^                                                                  \(b\) 2 μg/cm^2^\                                                                                        \[2 μg/cm^2^ (Ch)\][^1^](#T1AFN2){ref-type="table-fn"}\     DNA
                                                                                                                                          (a) cytotoxicity: 2, 5, 10, 20, 40 μg/cm^2^; (b) proliferation: 2, 4, 10, 10 μg/cm^2^; (c) UDS: 2, 4, 10, 10 μg/cm^2^                                                                                                               (b) Not done\                                                                                                                                                  (c) Ch = 2 μg/cm^2^; Cr = 4 μg/cm^2^                                                                     \[2 μg/cm^2^ (Cr)\][^2^](#T1AFN3){ref-type="table-fn"}      
                                                                                                                                                                                                                                                                                                                                                                              (c) Not done                                                                                                                                                                                                                                                                                                                        

  ([@ref75])     Cells              Rat pleural meso                                                                                      UICC: A Ch, Cr\                                                                                                                                                                                                                     \(b\) Ch: ≈ polynomial order 3; Cr: linear up to 20 μg/cm^2^, then plateau   \(b\) 2 μg/cm^2^                                                                                                                                                                           (2 μg/cm^2^)[^3^](#T1AFN4){ref-type="table-fn"}             DNA
                                                                                                                                          (a) cytotoxicity: 0, 2, 5, 20, 40 μg/cm^2^---(b) poly(ADP-ribose) synthesis: 0, 2, 5, 20, 40 μg/cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

  ([@ref131])    Cells              RFL-6                                                                                                 UICC Ch: 5 μg/cm^2^, UICC Cr: 2, 5 μg/cm^2^ DNA adducts                                                                                                                                                                             Not done (1 or 2 doses)                                                      Ch: low effect at 5 μg/cm^2^                                                      Cr: 5 μg/cm^2^                                                                                           (5 μg/cm^2^)[^3^](#T1AFN4){ref-type="table-fn"}             DNA

  ([@ref161])    Cells              WI-26 (SV40-transformed human embryonal lung)                                                         UICC Ch, Am--- (a) cytotoxicity: 250 μg/cm^2^ (or 500 μg/ml)--- (b) .OH production: 0.5--500 μg/cm^2^--- (c) DNA-SB (alkaline unwiding): 0.25, 2.5, 25 μg/cm^2^                                                                     Not done Am\                                                                 \(a\) Am: no effect                                                               \(b\) Am: 50 μg/cm^2^---(c) Am: 0.25 μg/cm^2^ (72 h of treatment); Ch: 25 μg/cm^2^                       (0.25 μg/cm^2^)[^1^](#T1AFN2){ref-type="table-fn"}          DNA
                                                                                                                                                                                                                                                                                                                                                                              One dose Ch                                                                                                                                                                                                                                                                                                                         

  ([@ref161])    Cells              A549 (human bronchoalveolar carcinoma-derived) Rat alveolar epithelial                                UICC Am: DNA-SB (alkaline unwiding); 25, 250 μg/cm^2^                                                                                                                                                                               Not done (2 points)                                                                                                                                            25 μg/cm^2^ in both cell types                                                                           (0.25 μg/cm^2^)[^1^](#T1AFN2){ref-type="table-fn"}          DNA

  ([@ref172])    Cells              A549 human epithelial                                                                                 UICC Cr: 10, 50, 100 μg/ml (in 6 well plates)--- (a) 8-OH-dG--- (b) OGG1 activity                                                                                                                                                   Not done                                                                     \(b\) 100 μg/ml (one dose)                                                        \(a\) 50 μg/ml no effect at 10 μg/ml                                                                     (50 μg/cm^2^)[^3^](#T1AFN4){ref-type="table-fn"}            DNA

  ([@ref184])    Cells              Rat pleural meso                                                                                      UICC A Ch: 0, 0.5, 2, 5, 10 μg/cm^2^; Cr: 0, 2, 10 μg/cm^2^\                                                                                                                                                                        Dose response ≈ linear or log                                                                                                                                  Ch: 0.5 μg/cm^2^\                                                                                        (0.5 μg/cm^2^)[^1^](#T1AFN2){ref-type="table-fn"}           DNA
                                                                                                                                          Comet assay (tail length, MTM)                                                                                                                                                                                                                                                                                                                                                                     Cr: 10 μg/cm^2^                                                                                                                                                      

  ([@ref185])    Cells              Rat embryo cells                                                                                      UICC Cr: 2 μg/cm^2^---(a) DNA strand breaks (nick translation, morphology); (b) cell proliferation (^3^HdThd incorporation)                                                                                                         \(a\) Not done (1 dose)\                                                     \(b\) 0.5 μg/cm^2^                                                                \(a\) 2 μg/cm^2^                                                                                         (2 μg/cm^2^)[^1^](#T1AFN2){ref-type="table-fn"}             DNA
                                                                                                                                                                                                                                                                                                                                                                              (b) log                                                                                                                                                                                                                                                                                                                             

  ([@ref193])    Cells              Rabbit pleural mesothelial                                                                            NIEHS Cr: 10 μg/cm^2^---DNA breakage                                                                                                                                                                                                Not done                                                                                                                                                       10 μg/cm^2^                                                                                              (10 μg/cm^2^)[^3^](#T1AFN4){ref-type="table-fn"}            DNA

  ([@ref218])    Cells              Normal human small airway epithelial (SAE)\                                                           Cr NIEHS: 100 μg/ml---(a) cytotoxicity, (b) ROS production, (c) DNA DSBs: γHzAZfoci H2AX^ion^, (d) apoptosis: caspase 3/7 activation, (e) pARP induction *if medium equivalent to 5 ml for 25 cm*^2^*as in flasks ≤ ∼20 μg/cm*^2^   Not done                                                                     \(b\) 0.5 μg/cm^2^                                                                \(a\) 100 μg/ml: SAE cells---(b) 100 μg/ml: A549 & SAE---(c) 100 pug/ml: A549 & SAE---(d)10 μg/ml: SAE   (100 μg/ml)[^1^](#T1AFN2){ref-type="table-fn"}              DNA
                                    human bronchial epithelial cancer (A549)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

  ([@ref219])    Cells              J774 sarcoma cell line                                                                                UICC Ch, Cr, Am: 8-OH-dG (HPLC)                                                                                                                                                                                                     Dose-effect--- ≈ linear (Cr) not done (1 dose) other fibers                  Ch: n.s. at 100 μg/ml (1 dose)                                                    Cr: ≈ 10 μg/ml\                                                                                          (10 μg/ml)[^1^](#T1AFN2){ref-type="table-fn"}\              DNA
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             Am: 100 μg/ml (1 dose)                                                                                   (100 μg/ml)[^3^](#T1AFN4){ref-type="table-fn"}              

  ([@ref236])    Cells              CHO and xrs-5 (DSB-repair deficient)                                                                  UICC A Ch 0, 8, 16 μg/cm^2^---DSB                                                                                                                                                                                                   Dose-effect--- ≈ linear in both cell types; enhanced in xrs-5/CHO                                                                                              8 μg/cm^2^                                                                                               (8 μg/cm^2^)[^1^](#T1AFN2){ref-type="table-fn"}             DNA

  ([@ref238])    Cells              Human TagSV40 mesothelial (MeT-5A)                                                                    UICC Cr\                                                                                                                                                                                                                            Not done (a)                                                                 \(a\) Not toxic\                                                                  \(b\) 1 μg/cm^2^                                                                                         (1 μg/cm^2^)[^1^](#T1AFN2){ref-type="table-fn"}             DNA
                                                                                                                                          (a) cytotoxicity: 1, 2 μg/cm^2^, (b) DNA breakage (comet): 1, 2, 4 μg/cm^2^, (c) ROS production: 1, 2 μg/cm^2^                                                                                                                                                                                                   (c) No effect                                                                                                                                                                                                                                          

  ([@ref239])    Cells              A549 and MeT-5A                                                                                       DNA breakage (comet): A549 = 2, 10 μg/cm^2^; MeT-5A = 2, 4 μg/cm^2^                                                                                                                                                                 Not done (2 doses)                                                           2 μg/cm^2^                                                                                                                                                                                 (2 μg/cm^2^)[^3^](#T1AFN4){ref-type="table-fn"}             DNA

  ([@ref254])    Cells              Murine mesothelial cell lines D9, D7---malignant mesothelioma cell lines, MeT-5A                      UICC Cr---10 μg/cm^2^---DSBs (γ-H2AX foci formation)--- micronuclei---senescence                                                                                                                                                    Not done                                                                                                                                                       10 μg/cm^2^; all Tests                                                                                   (10 μg/cm^2^)[^1^](#T1AFN2){ref-type="table-fn"}            DNA

  ([@ref257])    Cells              A549 and MeT-5A                                                                                       UICC Cr: 2, 4 μg/cm^2^---Comet (tail extent moment)                                                                                                                                                                                 Not done (1 or 2 doses)                                                                                                                                        2 μg/cm^2^                                                                                               (2 μg/cm^2^)[^1^](#T1AFN2){ref-type="table-fn"}             DNA

  ([@ref287])    Cells              HL60 (human promyelocytic leukemia cell line)                                                         Cr: 15, 50, 150 μg/ml                                                                                                                                                                                                               Linear                                                                       15 μg/ml                                                                                                                                                                                   (15 μg/ml)[^3^](#T1AFN4){ref-type="table-fn"}               DNA

  ([@ref302])    Cells              C3H10T1/2                                                                                             UICC Cr 25--200 μg/cm^2^---DNA-SB                                                                                                                                                                                                   Dose-effect---≈ linear                                                                                                                                         25 μg/cm^2^                                                                                              (25 μg/cm^2^)[^1^](#T1AFN2){ref-type="table-fn"}            DNA

  ([@ref295])    Cells ex vivo      Alveolar macrophages and type II from Big Blue                                                        Am l.tr.: (a) 1, 2 mg; (b) 4 × 2 mg--- (a) DNA-SB (comet); (b) micronucleus                                                                                                                                                         \(a\) Dose-effect---≈ log                                                                                                                                      \(a\) 2 mg in both cell types\                                                                           (2 mg)[^1^](#T1AFN2){ref-type="table-fn"}                   DNA
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             (b) 2 mg in macrophages; n.s. in type II                                                                                                                             

  ([@ref326])    Cells              A~L~ cells                                                                                            UICC Cr\                                                                                                                                                                                                                                                                                                                                                                                           \(b\) 4 μg/cm^2^                                                                                         (4 μg/cm^2^)[^3^](#T1AFN4){ref-type="table-fn"}             DNA
                                                                                                                                          (a) nonprotein sulfhydryl (NPSH) depletion; 4 μg/cm^2^\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
                                                                                                                                          (b) 80H-dG staining; 2--12 μg/cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

  ([@ref153]).   Animal             Rats                                                                                                  UICC: A Ch, Cr, Amosite (Am): 10 mg\                                                                                                                                                                                                Not done                                                                     10 mg: higher level with all fibers                                                                                                                                                        (5 mg/ml)[^3^](#T1AFN4){ref-type="table-fn"}                DNA in vivo
                                                                                                                                          8OH-dG                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  ([@ref157])    Animal             Rats Sprague-Dawley                                                                                   UICC Am: ltr 2.5 mg---DNA breaks in bronchiolar epithelial cells                                                                                                                                                                    Not done (1 dose)                                                                                                                                              2.5 mg                                                                                                   (2.5 mg)[^3^](#T1AFN4){ref-type="table-fn"}                 DNA in vivo

  ([@ref303])    Animal             Transgenic F344 *lacl* rats (Big Blue)                                                                UICC Cr: analysis of the greater omentum: (a) mutations: 2, 5 mg; (b) 8-OH-dG: 1, 2 mg                                                                                                                                              Not done (2 doses)                                                           \(a\) 5 mg\                                                                                                                                                                                (1 mg)[^3^](#T1AFN4){ref-type="table-fn"}                   DNA
                                                                                                                                                                                                                                                                                                                                                                                                                                                           (b) 1 mg                                                                                                                                                                                                                                               
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Note. ^\#^Lowest effective dose:

^1^sLOAEL: Surrogate lowest-observed-adverse-effect level.

^2^sNOAEL: Surrogate no-observed-adverse-effect level.

^3^pLOAEL: Potential lowest-observed-adverse-effect level.

^4^pNOAEL: Potential no-observed-adverse-effect level.

∗Type of assay. "DNA" = 8-OH-dG, breaks, repair. DSB: Double Strand break

###### 

Dose-Effect Relationship of Asbestos-Induced Mutagenic/Carcinogenic Responses---Chromosomal Changes

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reference     Study type      Assay system                                                                       Assay endpoints                                                                                                                                                                   Dose-response shape                                                 Limit dose with response (significant?)                       Limit significant (or dose)                                                                                Lowest effective dose[^\#^](#T1BFN1){ref-type="table-fn"}        Type of assay[∗](#T1BFN6){ref-type="table-fn"}
  ------------- --------------- ---------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------- ------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------- ------------------------------------------------
  ([@ref3])     Cells           Cells rat pleural meso                                                             Cr 10, 15, 20 μg/cm^2^; SCEs                                                                                                                                                      Dose-effect--- ≈ linear (in highest dose)                                                                                         10 μg/cm^2^                                                                                                (10 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}                 CA

  ([@ref12])    Cells           newt *Taricha granulosa* lung epithelial                                           Cr 0.5 mg/ml; mitosis dynamics, chromosome breakage                                                                                                                               Not done                                                            0.5 mg/ml                                                                                                                                                                (0.5 mg/ml)[^3^](#T1BFN4){ref-type="table-fn"}                   CA

  ([@ref15])    Cells           CHO                                                                                Ch 10, 25, 50, 100, 200 μg/ml, chromosome aberrations                                                                                                                             Not done (plateau)                                                  10 μg/ml                                                                                                                                                                 (10 μg/ml)[^3^](#T1BFN4){ref-type="table-fn"}                    CA

  ([@ref37])    Cells           Human lymphocytes                                                                  UICC: A Ch 50, 400 μg/ml;Cr 400 μg/ml\                                                                                                                                            Not done (1 or 2 doses)                                             \(a\) Cr: no effect                                           \(a\) Ch 50 μg/ml\                                                                                         (400 μg/ml)[^1^](#T1BFN2){ref-type="table-fn"}                   CA
                                                                                                                   (a) mutations, (b) LOH *HLA-A* locus                                                                                                                                                                                                                                                                                (b) Cr 400 μg/ml                                                                                                                                                            

  ([@ref38])    Cells           Human mesothelioma                                                                 UICC Cr: 50, 200 μg/ml\                                                                                                                                                           Not done (2 points)                                                 \(a\) Effect not significant                                  \(b\) 50 μg/ml                                                                                             \[(b) 50 μg/ml\][^1^](#T1BFN2){ref-type="table-fn"}              CA
                                                                                                                   (a) mutations, (b) LOH *HLA-A* locus                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  ([@ref48])    Cells           CHO-K1                                                                             UICC Cr, Ch SFA: 0.001--0.01 μg/ml\                                                                                                                                               Not done                                                            No effect                                                                                                                                                                (0.01 μg/ml)[^2^](#T1BFN3){ref-type="table-fn"}                  CA
                                                                                                                   SCEs                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  ([@ref79])    Cells           SHE                                                                                UICC: A Ch, Cr---micronucleus:\                                                                                                                                                   Dose-effect ≈ plateau or decrease at the highest dose                                                                             1.0 μg/cm^2^                                                                                               (1.0 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}                CA
                                                                                                                   Ch = 1, 5, 10 μg/cm^2^;\                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
                                                                                                                   Cr = 1, 5, 10 μg/cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

  ([@ref81])    Cells           Human amniotic fluid cells                                                         UICC: A Ch, Cr, Amosite (Am): 0.5, 1, 5, 10 μg/cm^2^ micronuclei w/wo kinetochore analysis, polyploidy, breakage                                                                  Micronuclei: dose effect, plateau breakage, hyperploidy: not done   Micronuclei: 0.5 μg/cm^2^ breakage, hyperploidy: 1 μg/cm^2^                                                                                                              (0.5 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}                CA

  ([@ref80])    Cells           SHE                                                                                UICC: A Ch, Crmicronucleus: 0.5, 1, 5, 10 μg/cm^2^                                                                                                                                Dose-effect plateau                                                 All fibers = 0.5 μg/cm^2^                                                                                                                                                (0.5 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}                CA

  ([@ref80])    Cells           Human amniotic fluid cells                                                         UICC: A Ch, Cr micronucleus: 0.5, 1, 5, 10 μg/cm^2^                                                                                                                               Dose-effect plateau                                                 All fibers = 1 μg/cm^2^                                                                                                                                                  (1 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}                  CA

  ([@ref82])    Cells           V79                                                                                UICC Ch 1 μg/cm^2−^ micronucleus (± kinetochore Ab)                                                                                                                               Not done (1 dose)                                                                                                                 1 μg/cm^2^                                                                                                 (1 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}                  CA

  ([@ref87])    Cells           Blood lymphocytes, human                                                           Ch Russia, 50 μg/ml---chromatid and chromosome breaks                                                                                                                             Not done (1 dose)                                                                                                                 50 μg/ml                                                                                                   (50 μg/ml)[^1^](#T1BFN2){ref-type="table-fn"}                    CA

  ([@ref90])    Cells           Blood lymphocytes                                                                  Clastogenicity of chrysotile-treated rat pleural mesothelial cellls, 0.2--2 μg/m^2^                                                                                               Dose-effect                                                                                                                       0.2 μg/cm^2^ (no effect = toxcity at 2 μg/cm^2^)                                                           (0.2 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}                CA

  ([@ref116])   Cells           CHO                                                                                UICC: A Ch, Cr (a) proliferation: Ch: 1, 2; Cr: 5 μg/cm^2^--- (b) colony forming efficiency (CFE): Cr: 5 μg/cm^2^---(c) Nuclear abnormalities (NA): Ch: 1, 2, 5; Cr: 5 μg/cm^2^   Not done (2 points)                                                 UICC: A Ch, Cr\                                                                                                                                                          (1 μg/cm^2^)[^3^](#T1BFN4){ref-type="table-fn"}                  CA
                                                                                                                                                                                                                                                                                                                                                                         (a) i proliferation: Ch: 1; Cr: 5 μg/cm^2^\                                                                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                         (b) i CFE: Cr: 5 μg/cm^2^\                                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                                         (c)h NA: Ch: 1; Cr: 5 μg/cm^2^                                                                                                                                                                                                            

  ([@ref125])   Cells           SHE                                                                                Cr 1 μg/cm^2^                                                                                                                                                                     Not done (1 dose)                                                   1 μg/cm^2^                                                                                                                                                               (1 μg/cm^2^)[^3^](#T1BFN4){ref-type="table-fn"}                  CA

  ([@ref134])   Cells           CHL (Chinese hamster lung)                                                         Cr: (a) survival: 10, 20, 40 μg/cm^2^--- (b) chromosomal aberrations: 5 μg/cm^2^--- (c) mutagenesis (6TG^R^ cells): 5 μg/cm^2^ or 8 μg/cm^2^ or 20 μg/cm^2^                       Dose-effect log (a)\                                                \(a\) 10 μg/cm^2^ (at 50%)                                    \(b\) 5 μg/cm^2^ (c) 8 μg/cm^2^ (one among 3 experiments)                                                  (5 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}                  CA
                                                                                                                                                                                                                                                                                                     Not done (one dose (b))\                                                                                                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                     Not done (one dose (c))                                                                                                                                                                                                                                                                                       

  ([@ref168])   Cells           CHO fibroblasts                                                                    Cr: (a) ploidy, (b) clastogenicity, (c) SCEs (d) mutation HGPRT, and TK---0, 5, 10 20, 50 μg/ml                                                                                   Not done (1 or 2 doses)                                             \(a\) 5 μg/ml\                                                                                                                                                           (5 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}\                 CA
                                                                                                                                                                                                                                                                                                                                                                         (b) No effect\                                                                                                                                                           (50 μg/ml)[^2^](#T1BFN3){ref-type="table-fn"}                    
                                                                                                                                                                                                                                                                                                                                                                         (c) No effect\                                                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                                                                                         (d) No effect                                                                                                                                                                                                                             

  ([@ref176])   Cells           Human lymphocytes                                                                  Ch: 0.01, 0.05 mg/ml---abnormal metaphases                                                                                                                                        Not done (2 doses)                                                                                                                0.01 mg/ml                                                                                                 (0.01 mg/ml)[^1^](#T1BFN2){ref-type="table-fn"}                  CA

  ([@ref179])   Cells           SHE                                                                                UICC Ch A: 0.1, 1, 10, 100 μg/ml                                                                                                                                                  Dose-effect ≈ log                                                                                                                 0.1 μg/ml                                                                                                  (0.1 μg/ml)[^1^](#T1BFN2){ref-type="table-fn"}                   CA

  ([@ref182])   Cells           Rat pleural meso-normal-TagSV40                                                    UICC: A Ch, Cr 10 μg/cm^2^ cell cycle arrest, micronuclei, aneuploidy,                                                                                                            Not done (1 dose)                                                   Positive effect                                                                                                                                                          (10 μg/cm^2^)[^3^](#T1BFN4){ref-type="table-fn"}                 CA

  ([@ref241])   Cells           SHE                                                                                Ch, Cr\                                                                                                                                                                           \(a\) No mutation\                                                                                                                \(c\) 0.5 μg/cm^2^: aneuploidy, polyploidy, binucleated; 1 μg/cm^2^: micronuclei                           (0.5 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}                CA
                                                                                                                   (a) Mutation: 1, 2 μg/cm^2^\                                                                                                                                                      (b) No transformation\                                                                                                                                                                                                                                                                                        
                                                                                                                   (b) Transformation: 1, 2 μg/cm^2^\                                                                                                                                                (c) Dose effect                                                                                                                                                                                                                                                                                               
                                                                                                                   (c) Cytogenetic (aneuploidy, polyploidy, binucleated cells, micronuclei): 0.5--2 μg/cm^2^                                                                                                                                                                                                                                                                                                                                                                                                       

  ([@ref243])   Cells           V79                                                                                UICC Ch, Cr: (2 ml in T25: 10, 40, 60, 100 μg/ml = 0.8, 3.2, 4.8, 8 μg/cm^2^)--- (a) aneuploidy--- (b) clastogenicity                                                             \(a\) Dose-effect exon\                                                                                                           \(a\) 0.8 μg/cm^2^ (both types)\                                                                           (0.8 μg/cm^2^ 3.2 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}   CA
                                                                                                                                                                                                                                                                                                     (b) Dose-effect (not simple)                                                                                                      (b) 3.2 μg/cm^2^ (Cr)--- 0.8 μg/cm^2^ (Ch)                                                                                                                                  

  ([@ref252])   Cells           Cells MeT-5A meso human                                                            UICC samples, micronuclei induction (a) Ch A 0.5--2 μg/cm^2^ (b) Cr 0.5--2 μg/cm^2^\                                                                                              Micronuclei induction\                                              Binucleated cells\                                            Micronuclei induction\                                                                                     (0.5 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}                CA
                                                                                                                   UICC samples, binucelated cells (a) Ch A 0.5--2 μg/cm^2^ (b) Cr 0.5--2 μg/cm^2^                                                                                                   (a) Dose effect\                                                    (a) 0.5 μg/cm^2^, ≈ 10^6^ F/cm^2^\                            (a) 0.5 μg/cm^2^\                                                                                                                                                           
                                                                                                                                                                                                                                                                                                     (b) Dose effect                                                     (b) 0.5 μg/cm^2^; ≈ 10^6^ F/cm^2^                             (b) 0.5 μg/cm^2^                                                                                                                                                            

  ([@ref252])   Cells           Cells normal meso human                                                            UICC samples, micronuclei induction\                                                                                                                                              Micronuclei induction\                                              Binucleated cells\                                            Micronuclei induction\                                                                                     (0.5 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}                CA
                                                                                                                   (a) Ch A 0.5--2 μg/cm^2^\                                                                                                                                                         (a) Dose effect\                                                    (a) 0.5 μg/cm^2^; ≈ 10^6^ F/cm^2^\                            (a) 0.5 μg/cm^2^\                                                                                                                                                           
                                                                                                                   (b) Cr 0.5--2 μg/cm^2^\                                                                                                                                                           (b) Dose effect                                                     (b) 0.5 μg/cm^2^; ≈ 10^6^ F/cm^2^                             (b) 0.5 μg/cm^2^                                                                                                                                                            
                                                                                                                   UICC samples, binucelated cells\                                                                                                                                                                                                                                                                                                                                                                                                                                                                
                                                                                                                   (a) Ch A 0.5--2 μg/cm^2^\                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
                                                                                                                   (b) Cr 0.5--2 μg/cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

  ([@ref252])   Cells           Cells rat liver epithelial (RLE)                                                   UICC samples, micronuclei induction\                                                                                                                                              Micronuclei induction\                                              Binucleated cells\                                            Micronuclei induction\                                                                                     (0.5 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}                CA
                                                                                                                   (a) Ch A 0.5--2 μg/cm^2^\                                                                                                                                                         (a) Dose effect\                                                    (a) 0.5 μg/cm^2^, ≈ 10^6^ F/cm^2^\                            (a) 0.5 μg/cm^2^\                                                                                                                                                           
                                                                                                                   (b) Cr 0.5--2 μg/cm^2^\                                                                                                                                                           (b) Dose effect                                                     (b) 0.5 μg/cm^2^; ≈ 10^6^ F/cm^2^                             (b) 0.5 μg/cm^2^                                                                                                                                                            
                                                                                                                   UICC samples, binucelated cells\                                                                                                                                                                                                                                                                                                                                                                                                                                                                
                                                                                                                   (a) Ch A 0.5--2 μg/cm^2^\                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
                                                                                                                   (b) Cr 0.5--2 μg/cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

  ([@ref250])   Cells           Human primary mesothelial cells from six patients (noncancerous)                   UICC Am: 1, 2 μg/cm^2−^ chromosomal aberrations                                                                                                                                   Not done (2 doses)                                                  1 or 2 μg/cm^2^ in 2 patients                                                                                                                                            (1 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}                  CA

  ([@ref254])   Cells           Murine mesothelial cell lines D9, D7---malignant mesothelioma cell lines, MeT-5A   UICC Cr---10 μg/cm^2^---DSBs(γ-H2AX foci formation)--- micronuclei--- senescence                                                                                                  not done                                                                                                                          10 μg/cm^2^; all tests                                                                                     (10 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}                 CA

  ([@ref255])   Cells           Cells normal meso human                                                            UICCA Ch, Cr 0.25--5 μg/cm^2^ (a) micronuclei formation                                                                                                                           \(a\) dose-effect                                                   \(a\) 0.25 μg/cm^2^                                                                                                                                                      (0.25 μg/cm^2^)[^3^](#T1BFN4){ref-type="table-fn"}               CA

  ([@ref256])   Cells           V79--4 (Chinese hamster cells)                                                     UICC Cr: ≈ 0.25, 1;25, 3.75 μg/cm^2^ (1, 5 or 15 μg/ml, 20 ml/75 cm^2^)--- (a) aneuploidy; (b) ECS                                                                                No effect                                                                                                                                                                                                                                    (3.75 μg/cm^2^)[^4^](#T1BFN5){ref-type="table-fn"}               CA

  ([@ref280])   Cells           Chinese hamster cells                                                              Ch SFA, UICC Cr: 10 μg/ml---chromosome aberrations                                                                                                                                No effect (1 point)                                                                                                                                                                                                                          (10 μg/ml)[^4^](#T1BFN5){ref-type="table-fn"}                    CA

  ([@ref279])   Cells           Primary human fibroblasts                                                          Ch SFA, UICC Cr: 10 μg/ml (25-cm^2^ flasks ⇒ likely 5 μg/cm^2^)--- chromosome aberrations                                                                                                                                                             10 μg/ml (5 μg/cm^2^?) only in hamster cells                                                                                                                             (10 μg/ml)[^3^](#T1BFN4){ref-type="table-fn"}                    CA

  ([@ref305])   Cells           Human lymphocytes                                                                  Ch, CR:10 μg/ml---(a) aneuploidy: (b) chromatid and chromosome aberrations                                                                                                        Not done (1 dose)                                                                                                                 (a)10 μg/ml\                                                                                               (10 μg/ml)[^1^](#T1BFN2){ref-type="table-fn"}                    CA
                                                                                                                                                                                                                                                                                                                                                                                                                                       (b)10 μg/ml                                                                                                                                                                 

  ([@ref315])   Cells           Cells rat pleural meso                                                             UICC Ch A, Cr: 5 μg/ml = 1 μg/cm^2^--- Metaphase abnormalities                                                                                                                    Not done (1 dose)                                                   1 μg/cm^2^                                                                                                                                                               (1 μg/cm^2^)[^3^](#T1BFN4){ref-type="table-fn"}                  CA

  ([@ref332])   Cells           Cells rat pleural meso                                                             Aneuploidy (Aneu), Anaphase-Telophase Abnormalities (ATA). Ch UICCB: 0.5--2 μg/cm^2^; CR UICC: 1--6 μg/cm^2^                                                                      Dose-effect                                                                                                                       Aneu: Cr = 4 μg/cm^2^--- ATA: Cr = 7 μg.cm^2^ (1.8 and 2 μg/cm^2^ signif in 1/3 expt); Ch = 1.0 μg/cm^2^   (4 μg/cm^2^ 7 μg/cm^2^)[^1^](#T1BFN2){ref-type="table-fn"}       CA

  ([@ref331])   Cells           Cells rat pleural meso                                                             Anaphase-Telophase Abnormalities (ATA).\                                                                                                                                          Ch ≈ linear                                                         NOEL Stanton\'s fibers = 2.5 × 10^5^/cm^2^                                                                                                                               (2.5 × 10^5^/cm^2^)[^2^](#T1BFN3){ref-type="table-fn"}           CA
                                                                                                                   UICC samples Ch: several doses                                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  ([@ref87])    Cells ex vivo   C57BL/6 mice, peritoneal fluid cells                                               Ch Russia IP: 50 mg/kg (≈ 1 mg/mice), then perit fluid and bone-marrow cells\                                                                                                     Not done (1 dose)                                                                                                                 1 mg/mice                                                                                                  (1 mg/mice)[^1^](#T1BFN2){ref-type="table-fn"}                   CA
                                                                                                                   Chromatid and chromosome breaks                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  ([@ref179])   Cells ex vivo   bone marrow cells                                                                  UICC Ch A: 0.4, 4, 40, 400 mg/kgIP micronucleus                                                                                                                                   No effect                                                           NOAEL = 400 mg/kg                                                                                                                                                                                                                         CA in vivo

  ([@ref295])   Cells ex vivo   Alveolar macrophages and type II from Big Blue                                     Am l.tr.: (a) 1, 2 mg; (b) 4 × 2 mg---(b) 4 × 2 mg--- (a) DNA-SB (comet); (b) micronucleus                                                                                        \(a\) Dose-effect--- ≈ log                                                                                                        \(a\) 2 mg in both cell types\                                                                             (2 mg)[^1\ &\ 4^](#T1BFN2 T1BFN5){ref-type="table-fn"}           CA
                                                                                                                                                                                                                                                                                                                                                                                                                                       (b) 2 mg in macrophages; n.s. in type II                                                                                                                                    
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Note. ^\#^Lowest effective dose:

^1^sLOAEL: Surrogate lowest-observed-adverse-effect level.

^2^sNOAEL: Surrogate no-observed-adverse-effect level.

^3^pLOAEL: Potential lowest-observed-adverse-effect level.

^4^pNOAEL: Potential no-observed-adverse-effect level.

∗Type of assay. "Chromo" = Chromosomal aberrations, SCEs, micronuclei.

###### 

Dose-Effect Relationship of Asbestos-Induced Mutagenic/Carcinogenic Responses---Mutagenesis

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reference     Study type   Assay system                                       Assay endpoints                                                                                                                                                                     Dose-response shape                            Limit dose with response (significant?)                             Limit significant (or dose)                                                        Lowest effective dose[^\#^](#T1CFN1){ref-type="table-fn"}            Type of assay[∗](#T1CFN6){ref-type="table-fn"}
  ------------- ------------ -------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------- ------------------------------------------------------------------- ---------------------------------------------------------------------------------- -------------------------------------------------------------------- ------------------------------------------------
  ([@ref37])    Cells        Human lymphocytes                                  UICC: A Ch 50, 400 μg/ml; Cr 400 μg/ml (a) mutations *HLA-A* locus, (b) LOH *HLA-A* locus                                                                                           Not done (1 or 2 doses)                        \(a\) Cr: no effect                                                 \(a\) Ch 50 μg/ml\                                                                 Ch: (a) (50 μg/ml)[^1^](#T1CFN2){ref-type="table-fn"}\               Mutagenesis
                                                                                                                                                                                                                                                                                                                                                                                       (b) Cr 400 μg/ml                                                                   (b) (400 μg/ml)[^2^](#T1CFN3){ref-type="table-fn"}\                  
                                                                                                                                                                                                                                                                                                                                                                                                                                                                          Cr: 400 μg/ml)[^2^](#T1CFN3){ref-type="table-fn"}                    

  ([@ref38])    Cells        Human mesothelioma                                 UICC Cr: 50, 200 μg/ml (a) mutations, (b) LOH *HLA-A* locus                                                                                                                         Not done (2 points)                            \(a\) Effect not significant                                        \(b\) 50 μg/ml                                                                     \[(b) 50 μg/ml\][^1^](#T1CFN2){ref-type="table-fn"}\                 Mutagenesis
                                                                                                                                                                                                                                                                                                                                                                                                                                                                          \[(a) 200 μg/ml\][^2^](#T1CFN3){ref-type="table-fn"}                 

  ([@ref120])   Cells        A~L~ cells                                         UICC Ch---(a) survival: 1--40 μg/ml; (b) mutagenicity at HGPRT locus 20 μg/ml: (c) mutagenicity S1 locus                                                                            Dose-effect exp. (a)\                          \(a\) 1 μg/ml = ≈ 0.2 μg/cm^2^ (i 10%)\                                                                                                                (0.5 μg/cm^2^)[^3^](#T1CFN4){ref-type="table-fn"}                    Mutagenesis
                                                                                                                                                                                                                                                                    Not done (expression per survival) (b and c)   (c) mutants at 2.5 μg/ml = ≈ 0.5 μg/cm^2^                                                                                                                                                                                   

  ([@ref119])   Cells        A~L~ cells                                         UICC Ch---(a) survival: 1--40 μg/ml; (b) mutagenicity S1 locus 20 μg/ml--- 40 μg/ml = ≈ 8 μg/cm^2^                                                                                  Dose-effect exp. (a) Not done (1 dose) (b)     \(a\) 1 μg/ml = ≈ 0.2 μg/cm^2^ (i 10%)\                                                                                                                (4 μg/cm^2^)[^3^](#T1CFN4){ref-type="table-fn"}                      Mutagenesis
                                                                                                                                                                                                                                                                                                                   (b) 20 μg/ml = ≈ 4 μg/cm^2^                                                                                                                                                                                                 

  ([@ref133])   Cells        CHL CCL39 (Chinese hamster lung)                   Ch, Cr, Am: 10 μg/cm^2^\                                                                                                                                                            Not done (1 dose)                                                                                                  All types mutagenic 10 μg/cm^2^                                                    (10 μg/cm^2^)[^1^](#T1CFN2){ref-type="table-fn"}                     Mutagenesis
                                                                                (a) Cell growth---(b) mutagenesis (6TG^R^ cells)                                                                                                                                                                                                                                                                                                                                                                                                               

  ([@ref134])   Cells        CHL (Chinese hamster lung)                         Cr: (a) survival: 10, 20, 40 μg/cm^2^--- (b) chromosomal aberrations: 5 μg/cm^2^--- (c) mutagenesis (6TG^R^ cells): 5 μg/cm^2^ or 8 μg/cm^2^ or 20 μg/cm^2^                         Dose-effect log (a)\                           \(a\) 10 μg/cm^2^ (i 50%)                                           \(b\) 5 μg/cm^2^\                                                                  (8 μg/cm^2^)[^1^](#T1CFN2){ref-type="table-fn"}                      Mutagenesis
                                                                                                                                                                                                                                                                    Not done (one dose (b))\                                                                                           (c) 8 μg/cm^2^ (one among 3 experiments)                                                                                                                
                                                                                                                                                                                                                                                                    Not done (one dose (c))                                                                                                                                                                                                                                                    

  ([@ref169])   Cells        CHO                                                UICC Cr: 1.2, 7.6, 15.3, 23 23 μg/cm^2−^ mutagenicity (HGPRT)                                                                                                                       Linear (3 lowest doses; highest doses toxic)   1.5 μg/cm^2^                                                                                                                                           (1.5 μg/cm^2^)[^3^](#T1CFN4){ref-type="table-fn"}                    Mutagenesis

  ([@ref237])   Cells        A~L~ cells                                         UICCA Ch, tremolite (Tr)\                                                                                                                                                           \(a\) Dose effect\                             \(a\) Ch: 1 μg/cm^2^, Tr: 15 μg/cm^2^\                                                                                                                 \[(c) 1 μg/cm^2^ 5 μg/cm^2^\][^3^](#T1CFN4){ref-type="table-fn"}\    Mutagenesis
                                                                                (a) survival = Ch: 1--10 μg/cm^2^, Tr: 5--40 μg/cm^2−^ (b) mutation HPRT = Ch: 1--10 μg/cm^2^, Tr: 5--80 μg/cm^2−^ (c) mutation *S1*^−^ = Ch: 1--2.5 μg/cm^2^, Tr: 5--20 μg/cm^2^   (b) No mutation\                               (c) Ch: 1 μg/cm2; Tr: 5 μg/cm^2^                                                                                                                       \[(b) 10 μg/cm^2^ 80 μg/cm^2^\][^4^](#T1CFN5){ref-type="table-fn"}   
                                                                                                                                                                                                                                                                    (c) Mutation; Ch ≈ strong, Tr: dose effect                                                                                                                                                                                                                                 

  ([@ref241])   Cells        SHE                                                Ch, Cr\                                                                                                                                                                             \(a\) No mutation\                                                                                                 \(c\) 0.5 μg/cm^2^: aneuploidy, polyploidy, binucleated; 1 μg/cm^2^: micronuclei   (2 μg/cm^2^)[^2^](#T1CFN3){ref-type="table-fn"}                      Mutagenesis
                                                                                (a) Mutation: 1, 2 μg/cm^2^\                                                                                                                                                        (b) No transformation\                                                                                                                                                                                                                                                     
                                                                                (b) transformation: 1, 2 μg/cm^2^\                                                                                                                                                  (c) Dose-effect                                                                                                                                                                                                                                                            
                                                                                (c) cytogenetic (aneuploidy, polyploidy, binucleated cells, micronuclei): 0.5--2 μg/cm^2^                                                                                                                                                                                                                                                                                                                                                                      

  ([@ref249])   Cells        V79 (Chinese hamster cells) for *hgprt*\           Cr: (a) survival G12: 3, 4.5, 6 μg/cm^2−^ (b) mutagenicity *hprt*--- (c) mutagenicity *gpt* 3, 4.5, 6 μg/cm^2^                                                                      \(a\) Dose-effect expo\                        \(b\) No effect                                                     \(a\) 3 μg/cm^2^\                                                                  (6 μg/cm^2^)[^1&2^](#T1CFN2 T1CFN3){ref-type="table-fn"}\            Mutagenesis
                             G12 (transgenic Chinese hamster cells) for *gtp*                                                                                                                                                                                       (c) Dose-effect expo                                                                                               (b) no effect\                                                                     (4.5 μg/cm^2^)[^1^](#T1CFN2){ref-type="table-fn"}                    
                                                                                                                                                                                                                                                                                                                                                                                       (c) 4.5 μg/cm^2^                                                                                                                                        

  ([@ref261])   Cells        Adult rat liver (ARL-18)                           UICC B Ch 0.001, 0.1 μg/ml\                                                                                                                                                         Not done                                       No increased mutation/controls                                                                                                                         (0.1 μg/ml)[^4^](#T1CFN5){ref-type="table-fn"}                       Mutagenesis
                                                                                TG~r~ mutants                                                                                                                                                                                                                                                                                                                                                                                                                                                  

  ([@ref262])   Cells        ARL-6 and ARL-18                                   UICC Ch (0.75, 1 μg/ml), Cr (20, 30 μg/ml), Am (10, 2 μg/ml): mutation HGPRT (6-TG^R^)                                                                                              No effect                                                                                                                                                                                             (1 μg/ml 30 μg/ml)[^4^](#T1CFN5){ref-type="table-fn"}                Mutagenesis

  ([@ref327])   Cells        A~L~ cells                                         UICC Cr\                                                                                                                                                                            \(a\) Peak\                                    \(a\) 2 μg/cm^2−^ peak 6 μg/cm^2^\                                  2 μg/cm^2^                                                                         (2 μg/cm2)^3^                                                        Mutagenesis
                                                                                (a) ROS production 2--9 μg/cm^2^\                                                                                                                                                   (b) Not done\                                  (b) 2 μg/cm^2^\                                                                                                                                                                                                             
                                                                                (b) cytotoxicity\                                                                                                                                                                   (c) Not done                                   (c) 2 μg/cm^2^                                                                                                                                                                                                              
                                                                                (c) CD59 mutation 2, 4 μg/cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                

  ([@ref325])   Cells        gpt delta transgenic mous primary fibroblasts      UICC Ch\                                                                                                                                                                            \(a\) Exponential\                             \(a\) 0.5 μg/cm^2^                                                  \(b\) 1.0 μg/cm^2^                                                                 (1.0 μg/cm2)[^3^](#T1CFN4){ref-type="table-fn"}\                     Mutagenesis
                                                                                (a) cytotoxicity; 0.5--6 μg/cm^2^\                                                                                                                                                  (b) ≈ Linear                                                                                                                                                                                          (0.5 μg/cm^2^)[^4^](#T1CFN5){ref-type="table-fn"}                    
                                                                                (b) *spi*^−^ mutations; 0.5--4 μg/cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                        

  ([@ref324])   Cells        A~L~ cells karyoplasts, cytoplasts, whole cells    UICC Cr\                                                                                                                                                                            \(a\) Dose effect\                             \(a\) 2 μg/cm^2^\                                                                                                                                      (4 μg/cm^2^)[^1^](#T1CFN2){ref-type="table-fn"}                      Mutagenesis
                                                                                (a) ROS formation by cytoplasts 2--6 μg/cm^2^\                                                                                                                                      (b) Peak\                                      (b) 2 μg/cm^2−^ peak 6 μg/cm^2^\                                                                                                                                                                                            
                                                                                (b) NO induction whole cells 2--12 μg/cm^2^\                                                                                                                                        (c) Not done                                   (c) 4 μg/cm^2^                                                                                                                                                                                                              
                                                                                (c) CD59 mutation (karyo + cyto plasts)                                                                                                                                                                                                                                                                                                                                                                                                                        

  ([@ref174])   Animal       Rats                                               Cr: 2 mg ip---mesothelioma, mutation analysis                                                                                                                                       Not done (1 dose)                              2 mg \[4 tumors with mutation (= deletions) in 27 tumors analyzed                                                                                      (2 mg)[^3^](#T1CFN4){ref-type="table-fn"}                            Mutagenesis in vivo

  ([@ref263])   Animal       Transgenic F344 lacl rats (Big Blue)               Cr: nose-only exposure 5.75 mg/m^3^---mutation                                                                                                                                      Not done (1 dose)                                                                                                  5.75 mg/m^3^                                                                       (5.75 mg/m^3^)[^1^](#T1CFN2){ref-type="table-fn"}                    Mutagenesis in vivo

  ([@ref295])   Animal       Transgenic F344 lacl rats (Big Blue)               Am I. Tr.: (a) 1, 2 mg; (b) 4 × 2 mg--- mutagenesis                                                                                                                                 Not done (2 doses)                                                                                                 2 mg                                                                               (2 mg)[^1^](#T1CFN2){ref-type="table-fn"}                            Mutagenesis in vivo

  ([@ref303])   Animal       Transgenic F344 *lacl* rats (Big Blue)             UICC Cr: analysis of the greater omentum: (a) mutations: 2, 5 mg; (b) 8-OH-dG: 1, 2 mg                                                                                              Not done (2 doses)                             \(a\) 5 mg\                                                                                                                                            (5 mg)[^3^](#T1CFN4){ref-type="table-fn"}                            Mutagenesis in vivo
                                                                                                                                                                                                                                                                                                                   (b) 1 mg                                                                                                                                                                                                                    
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Note. ^\#^Lowest effective dose:

^1^sLOAEL: Surrogate lowest-observed-adverse-effect level.

^2^sNOAEL: Surrogate no-observed-adverse-effect level.

^3^pLOAEL: Potential lowest-observed-adverse-effect level.

^4^pNOAEL: Potential no-observed-adverse-effect level.

∗Type of assay. "Muta" = Mutagenesis.

###### 

Dose-Effect Relationship of Asbestos-Induced Mutagenic/Carcinogenic Responses---Tumorigenesis

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reference     Study type   Assay system                                                                              Assay endpoints                                                                                                                                                    Dose-response shape                                                            Limit dose with response (significant?)                                                   Limit significant (or dose)                                                        Lowest effective dose[^\#^](#T1DFN1){ref-type="table-fn"}   Type of assay[∗](#T1DFN1){ref-type="table-fn"}
  ------------- ------------ ----------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------ ------------------------------------------------------------------------------ ----------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------- ----------------------------------------------------------- ------------------------------------------------
  ([@ref7])     Animal       Mice129Sv/J Nf2 (+/−) Heterozygous and wild type                                          UICC Cr: ip total: 3.2 mg/mouse (repeated dose of 400 μg every 21 d for 8 rounds) mesos                                                                            Not done (1 dose)                                                              Wild type: 3.2 mg = 59%\                                                                                                                                                     (3.2 mg)^3^                                                 Tumor
                                                                                                                                                                                                                                                                                                                                                                         Nf2 (+/−): 3.2 mg = 85%                                                                                                                                                                                                                  

  ([@ref6])     Animal       Mice\                                                                                     UICC Cr: ip total: 3.2 mg/mouse (repeated dose of 400 μg every 21 d for 8 rounds) mesos                                                                            Not done (1 dose)                                                              Wild type: 81% latent period 56 wk\                                                                                                                                          (3.2 mg)^3^                                                 Tumor
                             Arf (+/−)                                                                                                                                                                                                                                                                                                                                   Arf (+/−): 96% latent period 42                                                                                                                                                                                                          

  ([@ref69])    Animal       Rat wistar                                                                                Ch: long, short ip = 0.25, 2.5, 25---Peritoneal tumors                                                                                                             Dose-effect (plateau)                                                          25 mg = 95% (long); 91.7% (short)\                                                                                                                                           (0.25 mg function of size)^3^                               Tumor
                                                                                                                                                                                                                                                                                                                                                                         2.5 mg = 91.7% (long); 33.3% (short)\                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                                                                                                                         0.25 mg = 66.6% (long); 0% (short)                                                                                                                                                                                                       

  ([@ref69])    Animal       Rat wistar                                                                                Ch long, short---Inh 10 mg/m^3^---lung tumors + mesos                                                                                                              Not done (2 doses)                                                             57.5% (long); 20% (short) 4.2% Ctrl                                                                                                                                          (10 mg/m^3^ function of size)^3^                            Tumor

  ([@ref66])    Animal       Rat                                                                                       Ch UICCA 2, 10 mg/m^3^\                                                                                                                                            Dose-effect Ch\                                                                10 mg/m^3^: 37.5% (Ch), 2.5% (Cr), 4.7% (Am)\                                             Ch 2 mg/m^3^                                                                       (2 mg/m^3^)^1^                                              Tumor
                                                                                                                       Cr UICC 5, 10 mg/m^3^\                                                                                                                                             Not done Cr                                                                    2 mg/m^3^: 21.4% (Ch), 6.9% (Cr) Ctrl = 0%                                                                                                                                                                                               
                                                                                                                       Am = 10 mg/m^3^ tumor incidence                                                                                                                                                                                                                                                                                                                                                                                                                                                            

  ([@ref65])    Animal       Rat wistar                                                                                Am long, short---Inh 12 mg/m^3^---lung tumors + mesos                                                                                                              Not done (1 dose)                                                              35% (long); 2.4% (short)---Ctrl = 3.3%                                                                                                                                       (12 mg/m^3^)^3^                                             Tumor

  ([@ref65])    Animal       Rat wistar                                                                                Am long, short---ip 25, 10 mg---Peritoneal tumors                                                                                                                  Not done (2 doses)                                                             25 mg = 95.8% (long); 4% (short) 10 mg = 88% (long); 0% (short)                                                                                                              (10 mg function of size)^3^                                 Tumor

  ([@ref68])    Animal       RatAF/Han                                                                                 Ch, Cr, Am eight doses: 0.01---15 mg                                                                                                                               Dose response---log                                                            Ch: 0.01 mg---total fibers: 9.0E+07--- \<0.25 μm: 3.4E+07--- \>5 μm, \<0.25 μm: 6.2E+05                                                                                      (10 μg)^3^                                                  Tumor

  ([@ref68])    Animal       RatAF/Han                                                                                 Ch, Cr, Am eight doses: 0.01---15 mg                                                                                                                               Dose response---log                                                            Cr: 0.05 mg---total fibers: 1.1 E+08--- \<0.25 μm: 9.0E+07- \> 5 μm, \<0.25μm: 5.3E+05                                                                                       (50 μg)^3^\                                                 Tumor
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      (10 μg)^4^                                                  

  ([@ref68])    Animal       RatAF/Han                                                                                 Ch, Cr, Am eight doses: 0.01---15 mg                                                                                                                               Dose response---log                                                            Am: 0.01 mg---total fibers: 8.3E+06--- \<0.25 μm: 5.3E+06--- \>5 μm, \<0.25 μm: 2.9E+0                                                                                       (10 μg)^3^                                                  Tumor

  ([@ref100])   Animal       Mice FVB/N *Nf2*^KO3/+^ heterozygous and wild type                                        Cr, length: 9.9 ± 7.8 μm and diameter: 0.3 ± 0.2 μm,: total 5 mg in separated two doses (2nd injection was 2 mo apart from the 1st injection). Peritoneal tumors   Not done (1 dose)                                                              Wild type: 5 mg = 17% Nf2 (+/−): 5 mg = 47%                                                                                                                                  (5 mg)^3^                                                   Tumor

  ([@ref149])   Animal       Rat Sprague-Dawley                                                                        UICC Am---20 mg---Pleural tumors                                                                                                                                   Not done (1 dose)                                                              20/35                                                                                                                                                                        (20 mg)^1^                                                  Tumor

  ([@ref189])   Animal       Rodents---Tumorigenicity---data from inhalation studies by Davis et al. and Pott et al.   Several samples                                                                                                                                                    Dose response--- polynomial: y = a+ bf + cf^2^ with "c" \< \< a and b          Correlation tumor incidence for fibers \>5 μm length, \>10 μm length                                                                                                         \[≈ 1000F/ml (L \> 5 μm)\]^3^                               Tumor

  ([@ref205])   Animal       Mice 129Sv p53^−^/^−^ p53^+^/^−^ and *p*^53+/+^                                           UICCCr: weekly ip of 200 μg for 35 wk mesos                                                                                                                        Not done (1 dose)                                                              Wild type: 32% latent period 67 wk P53 (+/−): 76% latent period 44 wk\                                                                                                       (7 mg)^3^                                                   Tumor
                                                                                                                                                                                                                                                                                                                                                                         P53 (−/−): 12.5% latent period 10wk                                                                                                                                                                                                      

  ([@ref213])   Animal       Rat Sprague-Dawley                                                                        UICC Cr---I Pleural 20 mg---Pleural tumors                                                                                                                         Not done (1 dose)                                                              21/32                                                                                                                                                                        (20 mg)^3^                                                  Tumor

  ([@ref213])   Animal       Rat Sprague-Dawley                                                                        ChA---I Pleural 20 mg---Pleural tumors                                                                                                                             Not done (1 dose)                                                              15/32                                                                                                                                                                        (20 mg)^3^                                                  Tumor

  ([@ref306])   Animal       Mice 129/Sv strain on a 75% C57B1/6 background, p53^+^/^−^ and p53^+/+^                   UICC Cr: weekly ip of 200 μg for 35--66 wk until tumor develops                                                                                                    Not done (1 dose)                                                              Wild type: 32% latent period 67 wk P53 (+/−): 76% latent period 44 wk                                                                                                        (7--13.2 mg)^3^                                             Tumor

  ([@ref313])   Animal       Rat wistar                                                                                ChB---I Pleural 20 mg---Pleural tumors                                                                                                                             Not done (1 dose)                                                              10/32                                                                                                                                                                        (20 mg)^1^                                                  Tumor

  ([@ref313])   Animal       Rat wistar                                                                                ChA---I Pleural 20 mg---Pleural tumors                                                                                                                             Not done (1 dose)                                                              7/31                                                                                                                                                                         (20 mg)^1^                                                  Tumor

  ([@ref313])   Animal       Rat wistar                                                                                UICC Cr---I Pleural 20 mg---Pleural tumors                                                                                                                         Not done (1 dose)                                                              18/32                                                                                                                                                                        (20 mg)^1^                                                  Tumor

  ([@ref312])   Animal       Rat wistar                                                                                UICC Ch A, Ch B---Inh 10 mg/m^3^---lung tumors + mesos                                                                                                             Not done (1 dose)                                                              11/21 (ChB), 11/17 (ChA)                                                                                                                                                     (10 mg/m^3^)^1^                                             Tumor

  ([@ref312])   Animal       Rat wistar                                                                                UICC Am---Inh 10 mg/m^3^---lung tumors + mésos                                                                                                                     Not done (1 dose)                                                              13/21                                                                                                                                                                        (10 mg/m^3^)^1^                                             Tumor

  ([@ref312])   Animal       Rat wistar                                                                                UICC Cr---Inh 10 mg/m^3^---lung tumors + mesos                                                                                                                     Not done (1 dose)                                                              13/18                                                                                                                                                                        (10 mg/m^3^)^1^                                             Tumor

  ([@ref118])   Cells        C3H10T1/2                                                                                 UICC Ch, Am                                                                                                                                                        No effect (1 point)                                                            5 μg/ml                                                                                                                                                                                                                                  Transformation

  ([@ref124])   Cells        SHE                                                                                       UICC Ch, Cr: 0.25--2 μg/cm^2^\                                                                                                                                     dose-effect expon. (a) dose-effect linear; slope ≈ 1; one hit compatible (b)   EC-50 (a) = 0.9 (Ch), 1.7 (Cr) μg/cm^2−^ (b): 0.25 μg/cm^2^;                                                                                                                 (0.25 μg/cm^2^)^3^                                          Transformation
                                                                                                                       (a) survival--- (b) transformation frequency                                                                                                                                                                                                                                                                                                                                                                                                                                               

  ([@ref197])   Cells        BALB/3T3                                                                                  UICC Ch, Cr---Transformation assay\                                                                                                                                Ch: dose effect\                                                               Ch: 0.005 μg/cm^2^\                                                                                                                                                          (0.005 μg/cm^2^\                                            Transformation
                                                                                                                       Ch = 0.005--0.5 μg/cm^2^\                                                                                                                                          Cr: no dose effect                                                             Cr ≈ 0.1 μg/cm^2^                                                                                                                                                            0.1 μg/cm^2^)^3^                                            
                                                                                                                       Cr = 0.1--10 μg/cm^2^                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

  ([@ref209])   Cells        SHE                                                                                       Ch, Cr, Am, Anthophyllite: 0.5, 1.5, 3, 5 μg/cm^2−^ Transformation Assay                                                                                           Dose-effect ≈ plateau (depends on exptl conditions)                            1% transformation in μg/cm^2^: 0.15\                                                      Cr = 1.5 μg/cm^2^                                                                  \[1.5 μg/cm^2^\]^3^\                                        Transformation
                                                                                                                                                                                                                                                                                                                                                                         (Ch), 2.6 (Cr), 3.0\                                                                                                                                                         \[0.5 μg/cm^2^\]^4^                                         
                                                                                                                                                                                                                                                                                                                                                                         (Am), 3.5 (Anth)                                                                                                                                                                                                                         

  ([@ref241])   Cells        SHE                                                                                       Ch, Cr\                                                                                                                                                            \(a\) No mutation\                                                                                                                                                       \(c\) 0.5 μg/cm^2^: aneuploidy, polyploidy, binucleated; 1 μg/cm^2^: micronuclei   (2 μg/cm^2^)^2^                                             Transformation
                                                                                                                       (a) Mutation: 1, 2 μg/cm^2^\                                                                                                                                       (b) Dose effect\                                                                                                                                                                                                                                                                                                        
                                                                                                                       (b) transformation: 1, 2 μg/cm^2^\                                                                                                                                 (c) Dose effect                                                                                                                                                                                                                                                                                                         
                                                                                                                       (c) cytogenetic (aneuploidy, polyploidy, binucleated cells, micronuclei): 0.5--2 μg/cm^2^                                                                                                                                                                                                                                                                                                                                                                                                  
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Note. ^\#^, Lowest effective dose: 1, sLOAEL: Surrogate lowest-observed-adverse-effect level. 2, sNOAEL: Surrogate no-observed-adverse-effect level. 3, pLOAEL: Potential lowest-observed-adverse-effect level. 4, pNOAEL: Potential no-observed-adverse-effect level. ∗Type of assay. "Tumor" = Tumor, "Transfo" = Transformation.

###### 

Dose-Effect Relationship of Asbestos-Induced Mutagenic/Carcinogenic Responses---Cellular Responses

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reference     Study type      Assay system                                                                                Assay endpoints                                                                                                                                                                                                                                   Dose-response shape                                                               Limit dose with response (significant?)                                   Limit significant (or dose)                                    Lowest effective dose[^\#^](#T1EFN1){ref-type="table-fn"}   Type of assay[∗](#T1EFN1){ref-type="table-fn"}
  ------------- --------------- ------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------- ------------------------------------------------------------------------- -------------------------------------------------------------- ----------------------------------------------------------- ------------------------------------------------
  ([@ref22])    Cells           Normal human bronchial epithelial                                                           UICC Ch: 7, 12.7 μg:cm^2-−^ gene expression                                                                                                                                                                                                       Not done (1 dose)                                                                 7 μg/cm^2^                                                                                                                               (7 μg/cm^2^)^3^                                             Cell response\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     Gene expression

  ([@ref42])    Cells           Cells meso rabbit                                                                           Cr, Am, Ch\                                                                                                                                                                                                                                       Dose-effect                                                                                                                                                 \(a\) Cr: 3 μg/cm^2-−^\                                                                                                    Cell response\
                                                                                                                            (a) decreased proliferation\                                                                                                                                                                                                                                                                                                                                                                                  (b) Cr: 3 μg/cm^2^, Am:15 μg/cm^2^, Ch: 10 μg/cm^2^                                                                        Apoptosis
                                                                                                                            (b) enhanced apoptosis                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

  ([@ref60])    Cells           Taricha granulosa--- primary epith & mesoth lung cells                                      UICC Cr: 500 μg/ml                                                                                                                                                                                                                                Not done (1 dose)                                                                 migration of \<5 μm L fibers, not long fibers                                                                                                                                                        Cell response\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     Interaction with microtubules

  ([@ref86])    Cells           CLI (chimpanzee liver), KB human K, Eta monkey kidney, NIH 3T3                              13 asbestos samples---1.42---142 μg/cm^2^                                                                                                                                                                                                         Not done                                                                          not provided                                                                                                                                                                                         Cell response\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     Transfection of viral RNA

  ([@ref115])   Cells           CHO                                                                                         NIEHS Cr long, Cr med, Cr short---UICC Ch, Cr and MMVF \[all types gathered according to Size parameters\]---≈ 1--200 μg/cm^2^ or ≈12,000--150,000 fibers/cm^2^ (a) Cytotoxicity (decreased proliferation) (b) Abnormal nucleus induction (ANI)   Dose-effect (a) and (b) dependence with length; slight dependence with diameter                                                                             \(a\) 0.68 to 3.0 μg/cm^2^ or 0.8 to 45 × 10^5^ fibers/cm^2^                                                               Cell response (viability)

  ([@ref153])   Cells           RAW264.7, HeLa, Met-5A, FRCC562 (*rat renal carcinoma ferric nitrilotriacetated-induced*)   UICC A ch, Cr, Am = 5 μg/cm^2^ (a) phagocytosis--- (b) ROS level in RAW264.7: 1--10 μg/cm^2^                                                                                                                                                      Not done                                                                          \(a\) Uptake: all fiber types in all cell types; fibers in the nucleus\   \(b\) Cr = 3 μg/cm^2^; Am = 5 μg/cm^2^                                                                                     Cell response (genotoxic potential)
                                                                                                                                                                                                                                                                                                                                                                                                                                                                (b) Ch = n.s.                                                                                                                                                                                        

  ([@ref155])   Cells           A549 human epithelial                                                                       UICC Cr: 0.1, 0.5, 1, 2, 5 μg/cm^2−^ Cell cycle effects (a) h % G2 cells; h p21, h p53, h Gad43.                                                                                                                                                  Dose response---log                                                               0.5 μg/cm^2^                                                                                                                             (0.5 μg/cm^2^)^3^                                           Cell response (genotoxic potential)

  ([@ref183])   Cells           Rat pleural meso                                                                            UICC A Ch: 0, 5, 10 μg/cm^2^;Cr: 0, 10, 20 μg/cm^2^                                                                                                                                                                                               Dose-effect--- ≈ linear                                                                                                                                     Ch: 5 μg/cm^2^\                                                (5 μg/cm^2^)^3^                                             Cell response (genotoxic potential)
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          Cr: 10 μg/cm^2^                                                                                                            

  ([@ref196])   Cells           V79 (Chinese hamster lung)                                                                  NIEHS Ch: intermediate, short treated with Surfactant---\                                                                                                                                                                                         Not applicable                                                                                                                                                                                                                                                                         Cell response\
                                                                                                                            (a) micronucleus---\                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     Chromo---fibers treated with surfactant
                                                                                                                            (b) SCEs                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

  ([@ref207])   Cells           A549 human epithelial                                                                       UICC Ach, Cr: 1--10 μg/cm^2^\                                                                                                                                                                                                                     Dose-effect                                                                       1 μg/cm^2^ (Western)                                                                                                                                                                                 Cell response\
                                                                                                                            p53 phosphorylation                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      DNA---indirect

  ([@ref328])   Cells           Cells normal meso human                                                                     \(a\) Cytotoxicity 0.2--5 μg/cm^2^\                                                                                                                                                                                                               \(a\) Dose effect\                                                                \(b\) 6 μg/cm^2^                                                          \(a\) 0.5 μg/cm^2^                                                                                                         Cell response\
                                                                                                                            (b)TNF-alpha and receptor production 6--24 μg/cm^2^                                                                                                                                                                                               (b) Dose effect (no stats)\                                                                                                                                                                                                                                                            Chromo (no dose provided)
                                                                                                                                                                                                                                                                                                                                                                              (c) Not done                                                                                                                                                                                                                                                                           

  ([@ref264])   Cells ex vivo   Mice germinal cells                                                                         Ch---oral feeding                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        Cell response\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     Chromo in germinal cells---oral feeding
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Note. ^\#^, Lowest effective dose: 1, sLOAEL: Surrogate lowest-observed-adverse-effect level. 2, sNOAEL: Surrogate no-observed-adverse-effect level. 3, pLOAEL: Potential lowest-observed-adverse-effect level. 4, pNOAEL: Potential no-observed-adverse-effect level. ∗Type of assay. "Cell response" = cellular changes in response to asbestos treatment: i.e., phagocytosis, increased intracellular ROS level, changes in the expression/function of signaling molecules involved in cell cycle, apoptosis, DNA repair, or other pathways.

Taken together, although some studies were not conducted in relevant lung or pleural target cells, the preceding in vitro evidence provides important molecular insights into asbestos mutagenicity and carcinogenicity. Many of the studies were conducted with concentrations higher than the occupational and environmental exposure in humans, which, however, is necessary for establishing dose- and time-response relationships between fiber exposure and the induction of mutagenic events. The overdose issues for both cell cultures and animal studies are addressed later, in the section "Effects of Different Fiber Dimensions and Types and Overdose Issue."

In Vivo Evidence of Asbestos-Induced Gene or Chromosomal Mutations {#s5}
------------------------------------------------------------------

In contrast with the large amount of in vitro studies, limited in vivo data on asbestos-induced gene and chromosomal changes are available. A few studies examined CA, MN formation, or aneuploidy in bone-marrow or germline cells of rodents or monkeys, which are not akin to the relevant target cells of asbestos exposure, and results were controversial ([@ref179]; [@ref240]; [@ref92]). [@ref174] observed DNA deletions in the peritoneal tumors developed in rats exposed to a 2-mg dose of crocidolite injected intraperitoneally (ip) with a mutation frequency of 14.8% for all the tumors screened. The first nose-only inhalation study that demonstrated in vivo mutagenicity of asbestos was conducted in transgenic mice carrying the lacI reporter gene ([@ref263]). The animals were exposed to crocidolite asbestos (5.75 mg/m^3^) for 5 consecutive days (6 h/d). In lung DNA, there was significantly increased mutation frequency in the lacI gene during 4 wk of exposure, but no increase in hydrophobic lung DNA adducts among asbestos-exposed animals. Similarly, intratracheally instillation of amosite (2 mg single dose, and 4 weekly doses of 2 mg) significantly elevated the mutation frequency in lung DNA in transgenic lambda-lacI (Big Blue) rats 16 wk after exposure ([@ref295]). Exposure of Big Blue mice to the same doses of rock wool (RW1) standard fibers (1700 fibers/μg, median length 23 μm, biological half life 3--4 mo) induced a significant dose-dependent increase in mutation frequency 16 wk after exposure ([@ref294]). However, glass wool standard fibers MMVF10 (man-made vitreous fibers 10, 1 μg sample contains 8300 fibers longer than 5 μm, median length 26 μm, weighted half-life 37 d) at all doses did not produce any marked change in mutation frequency. These results suggest that durable fibers are more mutagenic in vivo than biodegradable fibers.

Evidence of Asbestos-Induced Gene or Chromosomal Mutations From Human Studies {#s6}
-----------------------------------------------------------------------------

The evaluation of mutagenicity in the relevant target tissues of human subjects exposed to asbestos or man-made fibers is technically difficult due to the lack of noninvasive approach in getting biopsy samples. More importantly, there is a high possibility of missing the mutagenic or precancerous cells, if taking random biopsies before tumor formation. Nevertheless, some supportive evidence is currently available. On one hand, several studies examined the mutagenic and cytogenetic alterations in peripheral blood lymphocytes of asbestos workers. The findings vary from each other and the type of asbestos exposure is not available in most of the studies, but in general the findings indicate an association between cytogentic alterations in lymphocytes and asbestos exposure. A significant correlation between SCE in group A chromosomes (large, metacentric human chromosomes, consist of chromosome pairs 1, 2, and 3) and asbestos exposure (a mean of 27.4 yr) was found in asbestos insulators ([@ref267]). In Slovakia, 61 chronically exposed asbestos cement plant workers (exposure: 5--40 yr) had significantly higher numbers of CA and oxidized pyrimidines, compared with controls ([@ref88]; [@ref130]). The average rate of chromosomal aberrant cells in the peripheral blood lymphocytes in 31 Russian asbestos workers (both \<1.5 yr and \>10 yr of exposure groups) was not statistically different from that in the control ([@ref32]). The frequency of MN in lymphocytes of 30 Turks (average 59.97, range 32--80 yr) environmentally exposed to chrysotile (exposure since born and terminated at 10 yr before the study was conducted) was not different from those in unexposed controls ([@ref77]). In mesothelioma patients, the MN frequency in blood lymphocytes was significantly increased, in comparison with lung cancer patients and patients with benign asbestos diseases ([@ref33]). In contrast, numerous chromosomal abnormalities and some gene deletions were identified in human mesothelioma and lung cancer tissues associated with mixed or single exposure to asbestos ([@ref142]; [@ref148]; [@ref188]; [@ref220]; [@ref221]; [@ref226]; [@ref274]). For example, these abnormalities include loss of heterozygosity (LOH), gene deletion, or change of methylation pattern at chromosome 9p21.3/cyclindependent kinase inhibitor 2A (CDKN2A, or p14^ARF^ and p16^INK4a^) and CDKN2B genes, 22q/Neurofibromatosis type 2 (NF2) gene, and 3p/fragile histidine triad (FHIT) gene ([@ref30]; [@ref128]; [@ref187]; [@ref258]; [@ref301]). For details, see the section "Health Endpoints With and Without Mutagenicity as a Key Event." The identification of these genetic alterations might lead to better therapeutic strategies and disease control for mesothelioma ([@ref62]).

Although peripheral blood lymphocytes are not the direct target cells, and a causal effect of the mutations identified in tumor tissues of animals and human subjects on asbestos-induced cancers cannot be easily established, there are some correlation between the observed in vitro and in vivo effects and human data. First, similar gene and chromosomal alteration patterns were identified in asbestos-induced murine and human mesothelioma models ([@ref7], [@ref8]; [@ref9]; [@ref167]). The results indicate that the murine mesothelioma model can recapitulate the molecular features of human malignant mesothelioma and may be useful for human risk assessment. Therefore, gene alterations seen in tumors generated in fiber-exposed animals may be linked to the carcinogenesis of asbestos fibers. Second, a number of in vivo studies identified nonrandom mutagenic and/or cytogenetic changes in important genes (i.e., tumor suppressor genes) that are associated with asbestos-induced transformation ([@ref20]; [@ref21]). However, futures studies with well defined doses of various asbestos fibers (fiber numbers measured by TEM, or fiber surface area) are required in order for establishing a stepwise association between mutagenicity and carcinogenicity in relevant target tissues of animal models exposed to a variety type of asbestos fibers. A well-developed mutagenicity testing strategy with an appropriate selection of in vivo and in vitro tests will facilitate this process ([@ref89]).

Potential Mechanisms of Asbestos-Induced Mutagenicity {#s7}
-----------------------------------------------------

Unlike chemical mutagens that generate genetic alterations by covalent binding to/modifying the DNA structures, asbestos-induced mutagenicity is mediated through direct or indirect pathways. Asbestos fibers may induce mutagenicity and genotoxicity directly through physical interaction with the mitotic machinery of dividing cells after being phagocytized by the target cells, or indirectly as a result of damaging of DNA and chromosome by asbestos-induced reactive oxygen and nitrogen species (ROS and RNS, respectively) ([@ref147]; [@ref164]; [@ref166]; [@ref276]). ROS and RNS might be generated primarily (by asbestos fibers, i.e., surface iron \[Fe\] mediated Fenton reaction) or secondarily (through fiber-induced inflammation) ([@ref108]; [@ref114]; Aust et al., 2011, this issue). Thus, any physical or chemical properties of the fibers that might affect the ROS and RNS generating capability, or promote the physical interference with dividing cells by the fibers, such as surface iron content and fiber dimension, affect the mutagenicity of the fibers. One might expect that different types of fibers are likely to share same mutagenic mechanisms, except that the contribution of each of the mechanisms varies from one fiber type to another. In addition, there is evidence suggesting a synergistic effect of tobacco smoke and asbestos exposure on mutagenicity and lung cancer risks ([@ref159]; [@ref231]; [@ref275]).

DNA Damage and Mutagenesis Resulting From Asbestos-Induced ROS and RNS {#s8}
----------------------------------------------------------------------

Asbestos-generated ROS and RNS may produce a variety of DNA and chromosomal damages, such as 8-hydroxydeoxyguanosine (8-OHdG), DNA single-strand breaks (SSB), and chromosome fragments (MN) ([@ref147]; [@ref159]). The involvement of asbestos-generated ROS and RNS in asbestos mutagenicity is illustrated by the evidence that Fe chelator, free radical scavenger (dimethyl sulfoxide \[DMSO\]), or antioxidants (Superoxide dismutase \[SOD\] and catalase \[CAT\]) attenuate the genotoxic effects of asbestos fibers. Additional supporting evidence came from the findings that the mutation spectrum in asbestos fibers-treated cells was similar to that produced by hydrogen peroxide (H~2~O~2~). The contribution of ROS and RNS to asbestos fiber-induced DNA and chromosomal damage was addressed in cell-free systems, in vitro cultured cells, and in vivo animal models.

The observation of 8-OHdG formation, as a result of ROS/RNS generation by various asbestos fibers, in cell-free systems and cultured relevant target cells such as pulmonary epithelial cells and pleural mesothelial cells was reported and reviewed in many studies ([@ref147]; [@ref159]; [@ref276]; [@ref304]). The protective effects of the Fe chelator deferoxamine (DEF), and antioxidants glutathione (GSH) and DMSO indicate that DNA damage and/or mutagenesis induced by asbestos fibers is mediated through reactive intermediate species ([@ref94]; [@ref132]; [@ref326]). The inconsistent effect of Fe inhibitors reported in other studies is probably due to the effectiveness of different chelators and the valency state of the Fe ([@ref198]; [@ref199]; [@ref159]; [@ref114]; [@ref147]). Similarly, the induction of DNA strand breakages by asbestos was illustrated in plasmid DNA or calf thymus DNA ([@ref143]; [@ref199]; [@ref201]; [@ref113]). Consistent results were found using cultured human and rodent target cells, and Fe chelators or CAT exerted protective effects ([@ref46], [@ref94]; [@ref161]; [@ref302]; [@ref325]). Iron associated with amosite asbestos bodies isolated from human lungs induced the formation of SSB in phi X174 RFI DNA ([@ref200]). Similarly, crocidolite asbestos-induced mutagenesis at the CD59(S~1~) locus of A~L~ cells or gpt locus of G12 cells was also shown to be attenuated by addition of antioxidants or radical scavengers ([@ref119]; [@ref249]; [@ref326]; [@ref327]; [@ref324], [@ref325]). The mutation spectra induced by crocidolite fibers in A~L~ cells or primary gpt delta transgenic MEF were similar to those produced by H~2~O~2~ ([@ref327], [@ref325]). In general, DNA lesions produced by hydroxyl radical (OH) significantly increased mutation frequency ([@ref208]). In addition, the mutagenic effects of asbestos on lymphocytes were also suppressed by oxygen radical scavengers ([@ref176]). Furthermore, crocidolite and chrysotile asbestos-induced MN formation, an indicator of CA, in human mesothelial cells was significantly reduced after pretreatment of fibers with Fe chelators phytic acid and DEF, and/or simultaneous treatment of cells with asbestos fibers and radical scavengers dimethylthiourea or SOD ([@ref255]). In another study, the addition of Fe chelators also reduced MN formation in chrysotile asbestos-exposed V-79 cells ([@ref82]). Finally, spindle deformation with disturbed meta- and anaphases was observed in amosite, chrysotile, or crocidolite asbestos-treated SHE cells, while the spindle fiber morphology appeared unchanged ([@ref80]). The results from these studies show that asbestos fibers may induce both loss and breakage of chromosomes in the absence of direct interaction with spindle fibers, which, together with the data from anti-oxidant studies, provide evidence of the role of oxidative stress in producing CA in target cells.

The first in vivo evidence indicating the involvement of ROS and RNS in mediating DNA damage associated with fiber mutagenicity was demonstrated in mesothelial cells by [@ref303]. Using UICC crocidolite asbestos fibers (with a 59% fraction of carcinogenic fibers, aspect ratio ≥5), a significant increase in mutation frequency in peritoneal tissues of transgenic F344 big blue rats at 12 wk (5 mg fibers only) and 24 wk (2 mg and 5 mg fibers) after ip administration was noted. The mutational spectrum analysis showed a dominance of G → T transversions, which was different from those of spontaneous mutations. In a separate experiment in Wistar rats conducted by [@ref303], a significant rise in 8-OHdG level after fiber treatment (1 mg or 2 mg) was observed at both 10 and 20 wk after exposure. These results indicate the involvement of hydroxyl radicals in crocidolite-induced mutagenesis in vivo. Schurkes et al. (2004) observed similar levels of 8-OHdG induction 10 wk after ip administration of 14.7 and 29.4 mg of MMVF 11 (man-made vitreous fibers 11, diameter 0.08--4.20 μm; length 1.7--98.8 μm with a 25% fraction of carcinogenic fibers). Interestingly, the results showed that graded doses of MMVF11 (14.7, 29.4, 50, or 100 mg) induced a dose-dependent increase in 8-OHdG levels 20 wk after fiber administration. These data by [@ref303] confirm the results from an earlier study, in which a single dose of UICC amosite (2.5 mg) induced a significant increase in DNA strand breaks 14 d after intratracheal instillation of the fibers ([@ref157]). [@ref153] demonstrated that at 4 wk after a single ip injection of each of the UICC chrysotile, crocidolite, and amosite asbestos fibers at 10 mg (5 mg/mL) into rats, these induced significantly higher levels of nuclear 8OHdG formation in mesothelium, spleen, liver, and kidneys. Furthermore, there were significant Fe deposits in the spleen, compared with control animals ([@ref153]). These findings provide evidence of DNA damage effects of asbestos fibers under in vivo conditions. However, ip or intratracheal instillation is not the normal physiological route of fiber exposure as it bypasses the mucociliary clearance processes that are associated with inhalation exposure and results in a higher exposure level ([@ref122], this issue). Thus, inhalation studies are still required to validate the results observed in the current studies.

Asbestos Fibers Interfere Physically With Mitosis {#s9}
-------------------------------------------------

Various asbestos fibers were reported to physically interfere with the mitotic machineries of cells. In order for fibers to interfere physically with mitosis of the target cells, two requirements need to be fulfilled: First, fibers need to be internalized through phagocytosis by the target cell population. Second, the target cell population must be proliferating (dividing) ([@ref166]).

Direct physical interference is believed to be causal of numerical CA in asbestos fiber-exposed cells. The supportive evidence comes from the findings that (1) most types of cells phagocytize fibers, except lymphocytes, and (2) crocidolite asbestos was observed within mitotic cells, and in some cases directly interacting with the chromosomes ([@ref260]). Morphological studies, utilizing light, electron, or video-enhanced time-lapse microscopy, demonstrated that most of the internalized crocidolite asbestos fibers were surrounded by a phagolysosomal membrane, preventing direct interaction with chromosomes. However, long fibers were found to be trapped in the keratin microfilament cage protruding into the spindle region of mitotic cells ([@ref12]; [@ref152]). Although a protruding fiber generally did not interfere with the segregation of chromosomes, it was able to impair chromosomal migration in some cases ([@ref12]). These results indicate that physical interaction of asbestos fibers with the mitotic machinery induces missegregation of chromosomes during mitosis, resulting in aneuploidy Furthermore, physical interference of asbestos with the chromosomes of dividing cells also produces structural CA. Anaphase aberrations including bridges and sticky and lagging chromosomes as a result of missegregation of chromosomes were detected in various asbestos fiber-treated mammalian cells ([@ref125]; [@ref243]; [@ref251]; [@ref332]; [@ref331]).

Effects of Fiber Characteristics, Fiber Types, and Overload Issue {#s10}
-----------------------------------------------------------------

As mentioned earlier, fiber dimensions, durability, and dose (the "three D\'s") as well as surface properties were shown to be important determinants of the biological activities of fibers ([@ref215]; [@ref282]). Different types of fibers possess varied physical and chemical prosperities; as a result, their pathogenicity, especially carcinogenicity, is different. A recent meta-analysis suggested that the variation in carcinogenic potency across published epidemiology studies, especially for mesothelioma, may be substantially reconciled after adjusting fiber size and mineral type ([@ref24]).

First, fiber dimension is an important factor that affects the biological activity of asbestos fibers. Compared with the relatively large amount of literature demonstrating fiber dimension to be an important factor in asbestos carcinogenesis, there are only a few reported studies on fiber dimension and mutagenicity. However, given the known knowledge that long and thin fibers produce increased and prolonged release of ROS and RNS from phagocytes due to "frustrated phagocytosis" (repeated failing and trying to engulf fibers by phagocytes), long fibers are likely to be more genotoxic and mutagenic. In addition, there is evidence that long fibers are also more likely to interfere physically with mitosis in dividing cells. [@ref151] demonstrated in monkey epithelial cells that long asbestos fibers (15 to 55 μm) impaired mitosis by interfering sterically with cytokinesis, disrupting cell division, while short fibers were found to move out of the cleavage zone. Using vertebrate epithelial cells, [@ref60] observed that internalized crocidolite fibers that were less than 5 μm in length underwent saltatory, jumplike transport, but not fibers over 5 μm in length. Transport of long crocidolite fibers was mediated by cytoplasmic microtubules. In addition, Hart and colleagues (1994) observed that long--thick glass fibers (MvL 475, 8 μm in diameter and \>50 μm in length) did not induce abnormalities in the nucleus of CHO cells but provided substrate for cell attachment. In contrast, the long and thin glass fibers (MvL 901, average 1.4 μm in diameter and 22.2 μm in length) tended to pierce through several adjacent cells, while the shorter fibers (MvL 475, average 7 (diameter) × 18 (length) μm) were completely phagocytosed by the cells. Both groups of phagocytable fibers were associated with abnormal (micro- and poly-) nuclei ([@ref115]). Current evidence suggests that respirable fibers with high aspect ratio (the ratio of the length to its diameter) are more potent in inducing chromosomal changes in exposed cells.

It is known that asbestos-associated catalytic Fe is one of the main sources of asbestos fiber-induced ROS production (Aust et al., 2011, this issue). Amphiboles have higher surface Fe content than serpentine. Compared to chrysotile, similar concentrations of amphiboles (e.g., crocidolite and amosite) produce more DNA damage in vitro that is directly proportional to the levels of redox-active Fe mobilized and the production of hydroxyl radical-like species ([@ref159]; [@ref113], [@ref114]; [@ref276]). Consistently, crocidolite and amosite, but not chrysotile, produced DNA double-strand breaks (DSB) and 8-OHdG formation in target mesothelial cells ([@ref153]). These results suggested that amphiboles are more mutagenic than serpentine and the difference in mutagenic potential might be accounted by the variance in surface Fe activity. The opposite result observed in some other studies may be due to differences in sample preparation. For example, the preparations of UICC and NIEHS standard asbestos fibers involved extensive grinding, which may alter the physical or chemical characteristics of these fibers. In addition, the characteristics of same type of fibers may vary depending on the sources/deposits ([@ref24]). For example, low-Fe serpentine fibers from certain deposits may carry metal contaminants. Moreover, the valence state and mobility of Fe are important determinant factors of fiber mutagenic potential ([@ref103]; [@ref109]; [@ref113], [@ref114]). Further investigations are necessary to better understand the physicochemical properties of different types of fibers.

The durability/biopersistence of asbestos fibers is known to contribute to the increased carcinogenicity of amphiboles observed in vivo ([@ref25], [@ref26]). However, durability per se probably does not affect the in vitro short-term mutagenicity of different types of fibers. The clearance of both natural and synthetic durable fibers is markedly slower than that of less durable fibers, thus producing repeated damage and mutagenic events as well as prolonged inflammatory responses in exposed human subjects and animals. Consistently, when the clearance mechanism is impaired, exposure to nondurable carbon black (CB, 52.8 mg/m^3^) increased hprt mutations in the rat lungs ([@ref85]). In contrast, subchronic inhalation of CB at 1.1 mg/m^3^, a low dose that does not affect the clearance capability of the lung, did not elicit any detectable adverse lung effects. This may explain why some biodegradable glass fibers have short-term in vitro mutagenicity similar to that of carcinogenic fibers, but there is lack of evidence of these fibers producing carcinogenesis in vivo in humans and animals ([@ref14]; [@ref126]; [@ref190]; [@ref294]).

Lung overload is "a consequence of exposure that results in a retained lung burden of particles that is greater than the steady-state burden predicted from the deposition rates and clearance kinetics of particles inhaled during exposure" ([@ref140]; Aust et al., 2011 this issue). Overload may impair macrophage activities and subsequently the clearance of fibers, producing retention of fibers in the body, promoting carcinogenesis, and changing the mechanisms of cellular toxicity (i.e., high dose facilitates necrosis while low dose of exposure induces apoptosis). Overload of low-toxicity particles such as carbon black (CB), titanium dioxide (TiO~2~), and coal mine dust were noted to produce lung cancer in rodents, especially rats ([@ref36]; [@ref85]), though the relevance for human risk assessment is uncertain ([@ref140]). Similarly, studies show that asbestos fibers and combustion particles (i.e., particulate matter, PM) coexposure slows the clearing of asbestos fibers from lungs ([@ref233], [@ref234]). There are many factors that affect particle loading, including cumulative effect of multiple exposure, species difference, individual susceptibility, and temporal factors.

It is of concern that fiber concentrations used in many published studies, especially in vitro studies, are much higher than the realistic environmentally relevant concentrations of occupational and environmental exposure in human subjects (Mossman et al., 2011, this issue; Case et al., 2011, this issue). Using the TEM measurements as reference, 1 μg asbestos would approximately correspond to 10^8^ fibers ([@ref41]; [@ref206]). When a concentration of 1 μg/cm^2^ fibers is added to 10^6^ cells grown on a 100-mm tissue culture dish (surface area 58.1 cm^2^), theoretically, the cellular dose would be about 5800 fibers/cell if the fibers are 100% taken by the cells (in reality it is usually less). Based on this estimation, the concentration would be much higher than the human exposure level in reality, which is estimated to be less than 1 fiber/cell based on the threshold limit value of 0.1 f/cm^3^ ([@ref2]). However, [@ref95] demonstrated that overload of cells in culture usually does not occur when the concentration of asbestos fibers used is below 10 μg/cm^2^ fibers. Typically, overload occurs in vivo at 1--3 mg or 200--300 cm^2^ fiber surface area/rat lung ([@ref36]). Therefore, in this review the majority of studies that were analyzed were conducted using concentrations below the overload threshold.

Overload was shown to increase the mutagenic yield in CB-exposed animal lungs ([@ref85]). It is of interest to know whether overload might change the mutagenic mechanisms of asbestos fibers. On one hand, asbestos fibers produced genotoxicity and cell toxicity in a concentration-dependent manner ([@ref115]). Frequently, asbestos fiber-induced mutagenicity demonstrated a decrease at high concentrations due to cytotoxicity. In contrast, it is not known whether overload might change the spectrum of asbestos fiber-induced mutations, for example, in favor of one specific type of mutation (i.e., chromosomal changes) instead of another (i.e., gene mutations). Importantly, it should be noted that, despite the disadvantage of studies conducted with graded concentrations of fibers that are higher than environmentally relevant occupational and environmental exposure, these studies (1) are necessary for mechanistic investigation of fiber mutagenicity, (2) allow for a shortening of the experimental period, and (3) are important for establishing a dose-response relationship between fiber-exposure and the induction of mutagenic events.

Enhanced Mutagenic Effects due to Coexposure to Tobacco Smoke {#s11}
-------------------------------------------------------------

There is evidence that concurrent exposure to both asbestos fibers and cigarette smoke resulted in a DNA-damaging response that is synergistic in nature in both cell-free systems and lung epithelial cells in vitro ([@ref159]; [@ref160]; [@ref334]; Testa et al., 2011, this issue). Furthermore, exposure of Sprague-Dawley rats to a combination of 2.5 mg UICC amosite (single dose) and cigarette smoke increased the number of DNA strand breaks in lung epithelial cells 2 and 14 d after exposure ([@ref157]). Benzo\[a\]pyrene (BaP), a prototype carcinogen found in tobacco smoke, demonstrated significant synergistic mutagenic effects with amosite asbestos (single doses at 1, 2 mg, or multiple doses of 2 mg/dose/wk for 4 wk) in Big Blue rat lungs 4 wk after administration by the same route---intratracheal instillation ([@ref195]). Similar effects were observed with coexposure of BaP and man-made fibers, including rock wool standard fibers RW1 (1700 fibers/μg, median length 23 μm, biological half life 3--4 mo) and glass wool MMVF10 standard fibers (1 μg sample contains 8300 fibers longer than 5 μm, median length 26 μm, weighted half-life 37 d) ([@ref296]). The potential mechanisms include that (1) tobacco smoke carcinogens may be adsorbed on the surface of asbestos fibers, thereby increasing the uptake and retention time of these carcinogens, and (2) chemical carcinogens from cigarette smoke or other sources may augment the penetration of target cells by asbestos fibers via oxidative radicals mediated pathway ([@ref58]; [@ref101]; [@ref159]; [@ref225]; [@ref231]). Nevertheless, further studies are needed to better understand the biologic basis for the well-established synergistic interaction between asbestos and tobacco smoke on the incidence of bronchogenic carcinoma.

Nonmutagenic Mechanisms of Asbestos Carcinogenesis {#s12}
--------------------------------------------------

The influence of different types of asbestos fibers in inducing nonmutagenic alterations in relevant target cells and tissues was reviewed previously. Chronic inflammation is a recognized risk factor of human cancer ([@ref97], [@ref178], [@ref319]). Frustrated phagocytosis of long asbestos fibers by alveolar macrophages triggers inflammatory responses and the release of ROS and RNS from the cells ([@ref40]; [@ref166]). Reactive radical species further recruit more macrophage and other inflammatory cells to the lung. Thus, persistence of asbestos fibers in the lungs may trigger prolonged radical production and chronic inflammation at the sites of fiber deposition. In addition to inducing direct DNA damage and mutagenesis, these processes also lead to the sustained release of inflammatory mediators and growth factors, expression of transcription factors, and early response proto-oncogenes, which in turn regulate fibrosis and malignant transformation in asbestos-induced pathogenesis.

Asbestos-induced chronic inflammation and reactive radical species were found to activate multiple signaling cascades ([@ref164]; [@ref166]; [@ref203]; [@ref217]; [@ref276]; Mossman et al., 2011, this issue). A rapid increase of mitogen-activated protein kinase (MAPK) signaling subsequently activated transcription factors such as activator protein-1 (AP-1) and nuclear transcription factor kappa-B (NFκ B) in asbestos-exposed target cells. These transcription factors are known to be involved in the activation of a number of downstream genes that regulate apoptosis, inflammation, and proliferation changes, including cytokines, chemokines, adhesion molecules, growth factors, enzymes such as inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), and proto-oncogenes such as c-fos, c-jun, and c-myc. These genes might be associated with asbestos-induced fibrogenesis and carcinogenesis. Asbestos-induced oxidative stress may also potentially regulate genes involved in other signaling cascades, including DNA repair and cell cycle signaling, such as tumor suppressor gene p53 ([@ref164], [@ref166]). Recently, ROS-dependent inflammasome (a caspase-activating complex) activation was shown to be an important sensor of asbestos and trigger of pulmonary inflammation in target cells ([@ref49]; [@ref83]).

Importantly, asbestos-associated mutagenic and nonmutagenic pathways are interrelated with each other and may coordinate each other in promoting mutagenicity and carcinogenesis. For example, asbestos-triggered mutagenic events in critical genes associated with cell growth, DNA repair, or other functional processes may lead to modification of corresponding signaling pathways. Similarly, chronic inflammation may lead to the accumulation of mutagenic events by increasing proliferation and producing apoptosis-resistant cells. In addition, asbestos-induced biological activities, such as production of ROS and RNS, may induce both mutagenic effects and nonmutagenic signaling alterations in relevant target cells ([@ref164]; [@ref166]; [@ref276]).

MUTAGENESIS/CARCINOGENESIS AT LOW DOSE {#s13}
======================================

The mutagenicity of multiple types of asbestos fibers was investigated in a wide range of in vitro cell systems and some in vivo experiments. Answering the question of the effects at low doses leads to the necessity for addressing a threshold issue. Threshold is defined as the lowest dose of a chemical (in this case asbestos fibers) at which a specified measurable effect (in this case mutagenicity/carcinogenicity) is observed and below which an effect is not observed. To address whether there is a threshold for asbestos-induced mutagenicity/carcinogenicity requires the knowledge of statistical dose-response relationships that can only be extracted from studies conducted with multiple doses of fibers. However, few of the current available animal and cell studies provide dose response relationships. That is, most experiments did not focus on the establishment of a threshold value but rather on mechanistic considerations and determination of the dependence of tissue or cell response on fiber characteristics, or the molecular mechanisms accounting for the observed effects. The existing experiments were generally carried out with a limited number of fiber doses. Therefore, determination of a threshold for asbestos fibers is limited by the existing database.

This section aims to summarize literature findings on mutagenicity and carcinogenicity focusing on relations between fiber doses (animal experiments) or fiber concentrations (cell systems) and DNA damage, chromosomal changes, or tumor yield, respectively. Studies are summarized in [Tables 1A--1E](#T1A T1B T1C T1D T1E){ref-type="table"}. Types of assays were quoted as "DNA" (referring to 8-OHdG, DNA breaks, and DNA repair), mutagenesis, "chromo" (chromosomal aberrations, SCE and MN), tumorigenicity in animals (as "Tumor"), and transformation. In this process, several situations were encountered:

1.  Animal data dealing with a small number of fiber doses. Statistical analyses were not always provided or possible.

2.  In vitro data determining mutagenic effect in cell systems using a small number of fiber concentrations, with or without statistical analyses.

3.  Experimental results providing dose-effect relationships. It needs to be noted that the presentation and format of data differ between different publications. Some provide dose-response curves while others provide table or histogram formats. As the shape of the dose-effect curve is of interest for threshold evaluation, in some cases where the curve was not provided, a dose-effect curve was constructed from estimated values reported in the paper.

Despite a rather low number of experiments carried out with a wide range of fiber doses, this review attempts to be as comprehensive as possible to allow the comparison between different studies in terms of dose and effects. The idea was to determine an experimental dose level (or range of dose levels) in which the authors find/did not find an effect. Consensus reports that summarize and evaluate the relevant literature pertaining to the mutagenicity and carcinogenicity of asbestos fibers are available. The purpose of this review is not to detail each individual study analyzed by these consensus reports. Instead, this review primarily focuses on outlining the low-dose effects seen from these reports.

Ideally, it would have been interesting to determine LOAEL (lowest-observed-adverse-effect level) and NOAEL (no-observed-adverse-effect level). LOAEL is defined as the lowest level at which there are statistically or biologically significant increases in adverse effects in exposed population compared with controls. NOAEL is the highest exposure level at which there is no statistically or biologically significant increase in adverse effects, while comparing exposed population with controls. These values are generally estimated based on animal data with multiple doses. However, currently available asbestos mutagenesis studies were mainly carried out in cell systems with rather few fiber concentrations. Due to the aforementioned limitation of currently available data, some approximations have been employed when determining whether a threshold exists. First, a "surrogate" term is used when "canonical" data are not available. In this case, the LOAEL will be written as sLOAEL (surrogate LOAEL) and the NOAEL as sNOAEL (surrogate NOAEL). Second, when an insufficient number of doses was used or when statistical analyses were not given, lowest or highest doses were quoted as potential lowest-observed-adverse-effect level (pLOAEL) or potential (highest) no-observed-adverse-effect level (pNOAEL).

Animal Data on Tumor Incidence {#s14}
------------------------------

The existing mutagenicity and carcinogenicity studies in animals used different routes of exposure including inhalation, intratracheal instillation, and intracavitary injection. [Table 1D](#T1D){ref-type="table"} lists the experiments that were carried out in vivo to test the tumorigenicity in animals. Experiments reported by [@ref283] examined the effects of both asbestos and nonasbestos fibers, after implanting the fibers in the pleural cavity of female Osborne-Mendel rats for more than 1 yr. For all types of fibers tested by these experiments, the probability of pleural tumors correlated best with the number of fibers with a size of less than 0.25 μm in diameter and greater than 8 μm in length, and correlated well with the number of fibers \<1.5 μm in diameter and \>4 μm in length. These data show that fiber dimensions play an important role in the incidence of pleural tumors. Nevertheless, data suggest that other factors are likely to play a role, since tumors are sometimes found in the absence of fibers of the indicated size. This observation is confirmed by post-analyses of the original data done by other groups ([@ref35]; [@ref323]). Injection studies were also reviewed in a U.S. Environmental Protection Agency (EPA) report, and it was concluded that "reasonable dose-response curves have been generated using various sample masses of a single material in some of these studies" ([@ref23]). In these studies, dose-response curves were demonstrated for UICC crocidolite and chrysotile "A" ([@ref34]). These results indicate that the relationship between tumor incidence and log(dose) may be linear and there is no effective threshold ([@ref23]).

One study examined the relationship between the injected dose and the development of peritoneal mesothelioma in rats using the UICC standard reference samples of chrysotile, crocidolite, and amosite ([@ref68]). Doses injected into the peritoneal cavity ranged from 0.005 to 25 mg (10 doses), thereby allowing the generation of a dose-response curve that was found to be logarithmic. Results demonstrated that "at the lower end of the dose range, chrysotile and amosite still produced a small proportion of tumors although crocidolite did not." In these experiments, the NOAEL is estimated to be between 0.001 and 0.05 mg depending on the fiber type ([Table 1D](#T1D){ref-type="table"}). The fiber mass was converted into number of fibers of different dimensions in order to evaluate (1) whether mass dose is the most appropriate dose parameter and (2) the importance of fiber dimensions. There were about 8 × 10^6^--10^8^ fibers in total, among them 3 × 10^4^--6 × 10^5^ fibers with a size of \>5 μm in length and \<0.25 μm in diameter, and 1.5--9 × 10^5^ fibers that are greater than 8 μm in length. Moreover, time to death from mesothelioma was analyzed using a standard hazard model. When dose was expressed as the number of long fibers injected (\>8 μm in length), the hazard slopes for chrysotile, crocidolite, and amosite were relatively close to each other ([@ref68]). This study estimated relative hazard between fibers but not absolute hazard. Nevertheless, data suggested that a sample containing far fewer than 1.5 × 10^5^ "Stanton" fibers (\>8 μm in length) rarely produces mesothelioma in rats. Other data from these experiments showed that the latent period for tumor induction increased as the dose decreased. These results suggest that a threshold exists, since at low doses the tumor did not develop within the animal lifetime. However, this finding does not imply that similar dose-relationship would be found in other species.

[@ref27] reviewed inhalation studies conducted with AF/HAN rats exposed to different types of asbestos fibers, and determined which exposure parameter(s) could be used to predict the observed lung tumor or mesothelioma incidence. A series of animal studies all employing a common inhalation protocol was conducted ([@ref27]; [@ref66], [@ref67], [@ref64], [@ref65]; [@ref69]). Consistent with the limitations discussed in inoculation studies, no satisfying univariate measure of exposure was found, although the length parameter (\>20 μm in length) was highly correlated with tumor incidence. In addition, the analysis defined an "optimum exposure index" attributing a weight to different classes of dimensions ([@ref27]). No consistent dose response was noted between aerosol mass concentration of fibers or total number of fibers per cubic centimeter and lung tumor incidence, but a consistent dose-response relationship was identified between weighted airborne fiber concentration and lung tumor incidence. This relationship did not show a threshold.

[@ref189] also reviewed published animal data on chronic inhalation studies in rats. Data were examined to determine dose-response relationships for lung cancer and mesothelioma according to fiber types and dimensions. Dose-response relationships for lung cancer, or both lung cancer and mesothelioma, did not show a threshold limit. A polynomial relationship of degree 2 was found for lung cancer, and the correlation coefficient was the best for fibers \>20 μm in length.

Overall, limited animal data from chronic inhalation studies did not show a threshold limit for lung cancer and mesothelioma, according to the fiber types and dimensions tested ([@ref189]). Intraperitoneal injection with a dose as low as 50 μg produced a significant increase in the incidence of mesotheliomas after exposure ([@ref68]). It seems that the effective dose is different for mesothelioma and lung cancer induction, and for different types of fibers (i.e., chrysotile vs. crocidolite). Substantial efforts from future in vivo studies need to clarify this uncertainty.

Animal Data Mutagenicity and DNA Damage {#s15}
---------------------------------------

Several in vivo mutagenic assays were conducted in animal studies as previously described ([@ref174]; [@ref263]; [@ref295]; [@ref303]) ([Table 1C](#T1C){ref-type="table"}). In addition, several studies examined fiber-induced oxidative DNA damage or DNA strand breaks in vivo ([@ref157]; [@ref303]; [@ref273]; [@ref153]) ([Table 1A](#T1A){ref-type="table"} and earlier discussion). [@ref263] administered the fibers through inhalation at a daily dose of 5.75 mg/m^3^, 6 h/d for 5 consecutive days, while in the rest of the studies, animals were exposed to fibers through intratracheal instillation or ip inoculation, at either one or two of the single doses of 1, 2, 2.5, 5, or 10 mg, or a weekly dose of 2 mg for 4 wk, or both ([@ref303]; [@ref273]; [@ref153]). It is noteworthy that time of exposure is also an important factor that affects the DNA damage or mutation yields. Although most of the studies detected significant effects at wk 10 to 24 after exposure but not earlier time points (i.e., 4 wk) ([@ref174]; [@ref273]; [@ref295]; [@ref303]), in other studies asbestos fiber significantly increased DNA damage or mutation events after 4 wk or 14 d of exposure ([@ref153]; [@ref157]; [@ref263]). In addition, the mutagenic effects of fibers did not always show a time-dependent increase. These results indicate that for DNA damage and mutagenic endpoints, the establishment of NOAEL is difficult because multiple time points need to be tested. Furthermore, only a limited number of doses was used in each of these studies. Therefore, only LOAEL, but not NOAEL, may be extracted from these data.

According to these few in vivo studies conducted using a limited dose range (1--10 mg single dose or repeated doses of 5.73 mg/m^3^ crocidolite fibers), it seems that DNA damage and mutagenicity were observed with doses lower than those used in tumorigenetic assays. Both DNA damage and mutations were induced by single doses of 1 or 2 mg fibers following intratracheal instillation and ip inoculation, respectively ([@ref174]; [@ref295]; [@ref303]). Some studies detected no induction of mutation in animal lungs at the lowest dose tested ([@ref174]; [@ref295]). However, these negative results might due to the detection limit of the assay or the relatively short exposure periods. Overall, additional in vivo studies need to be conducted to test a sufficient number of low-dose groups.

Data Obtained With Cells in Culture {#s16}
-----------------------------------

In vitro mutagenic studies provide important information that are relevant to carcinogenic potency of fibers by studying cancer-related cellular phenotypes and the step-wise processes involved in the mechanism of fiber carcinogenesis. Studies are summarized in [Tables 1A--1E](#T1A T1B T1C T1D T1E){ref-type="table"}. Few studies were carried out using multiple fiber concentrations, rendering the establishment of dose-response relationship difficult, if not impossible. However, if dose responses are available, the curve is generally close to a linear or log shape when plotted on a linear scale. These data suggest that no threshold would be expected for asbestos-induced DNA damage and mutagenic effects in cultured cells, at least based on the current knowledge. In the following, highlights of the in vitro data cited in [Tables 1A--1E](#T1A T1B T1C T1D T1E){ref-type="table"}, with an emphasis on doses and shape of dose-response curves, are provided.

### Effects on DNA (as Assessed by Base Oxidation, Breakage) {#s17}

Studies reporting both LOAEL and NOAEL were not found. Based on the statistics from an in vitro study, a concentration of 0.25 μg/cm^2^ enhanced DNA damage in comparison with untreated cells ([@ref161]). Meta-analysis on data from several publications identified effects on DNA with a dose of 2 μg/cm^2^. When available, dose-response curves are mostly of a linear or approximate log shape. There are no sufficient in vivo data for comparison.

### Mutagenesis (Bacteria, HGPRT on Eukaryotes, etc.) {#s18}

#### Bacteria {#s19}

While early studies did not report mutagenicity in bacteria exposed to asbestos fibers ([@ref51]), more recent studies demonstrated an enhancement of revertants in the Ames test with crocidolite and chrysotile, or chrysotile only or with richterite ([@ref59]; [@ref93]; [@ref131]). Dose response was not investigated in any of the studies.

#### Eukaryotes {#s20}

In one study, both LOAEL (4.5 μg/cm^2^) and NOAEL (3.0 μg/cm^2^) were found for NIEHS crocidolite ([@ref249]). Other studies observed significant mutagenic effects with fiber concentrations higher than those produced DNA effects in exposed cells ([@ref37]; [@ref119]; [@ref134]; [@ref133]; [@ref236]; [@ref262]). A suggested shape of dose-response curves cannot be extracted from the currently available data.

### Chromosomal Damage (Micronucleus, Aneuploidy) {#s21}

Significant enhancement of chromosome damage appears to be observed with concentrations of 0.5--1 μg/cm^2^ for fibers examined (chrysotile, crocidolite or amosite, various sources). Concentration-response relationships are too few to suggest a shape. In addition, a trend for a threshold limit was not evident.

### Transformation {#s22}

Although the statistical significance is not known, enhancement of cell transformation was found with low concentrations of asbestos fibers (1--5 μg/cm^2^) ([@ref124]; [@ref197]; [@ref209]). These are similar to the concentration ranges at which DNA and chromosome damage and mutagenicity are observed.

The evidence from the in vitro studies just discussed suggests that there is no threshold concentration for asbestos-induced mutagenic effects. However, the determination of LOAEL and NOAEL as well as the shape of dose-response curves requires a sufficient number of low concentrations to be tested. This is generally not done in existing studies. This evidence, together with the fact that few in vivo mutagenic data are available, suggests that the mutagenic effect of asbestos fibers at low concentrations is still unknown and more studies are required to elucidate this uncertainty.

### Summary {#s23}

It was demonstrated that the biological activity of fibers is dependent, at least partially, on fiber characteristics such as dimension. The parameters used to quantify fiber exposure usually are on a mass basis, rendering comparisons between different experiments difficult. Further studies need to consider both the mass and number/surface area of fibers while characterizing asbestos exposure. The mutagenic and carcinogenic effects of asbestos fibers at low doses are still not known. The concept of a threshold dose below which there is no mutagenic and carcinogenic responses upon fiber exposure is still controversial. A better knowledge of the dose-response relationship would provide a better understanding of the mechanisms underlying mutagenesis and cell transformation by asbestos. To carry out dose-response studies, it is necessary to use a wide range of doses of well characterized asbestos samples. Suggested dose range may be extracted from the numerous currently available data. Testing systems already established, such as in vitro chromosome mutations and mitosis impairment assay, in vivo mutagenesis, and large-scale genomic analyses, may be adopted to develop new mutagenic assays based on cellular responses to DNA/chromosome damage in fiber-exposed cells and tissues.

BIOLOGICAL ACTIVITIES THAT CONTRIBUTE TO MUTAGENICITY AND IMPACT OF TARGET CELL/TISSUE TYPE {#s24}
===========================================================================================

Considerable in vitro and in vivo evidence show that asbestos fibers act as carcinogens on all the major pulmonary and pleural target cells (e.g., bronchial/alveolar epithelial and mesothelial cells) (Committee on Asbestos: Selected Health Effects, 2006). The implicated mechanisms underlying asbestos-induced carcinogenesis that are firmly established involve mutagenic and nonmutagenic (i.e., inflammation, mitogenesis, cell signaling alterations, and cytotoxic apoptosis/necrosis) pathways. Neither of these two mechanisms fully accounts for the complex biological abnormalities produced by asbestos fibers. Asbestos-induced pathophysiological responses are not completely independent of, and may be interrelated with, each other. Asbestos exerts pleiotropic cellular and tissue-type specific effects and nonmonotonic dose response at the cellular and molecular levels following exposure to physiologically relevant concentrations. Although the mechanisms underlying asbestos-induced mutagenicity are well established, this section further addresses this issue from the aspects relevant to asbestos-induced biological activities, tissue specificities, and the interrelations between nonmutagenic and mutagenic responses. The five plausible biological/pathological responses/activities that may contribute to asbestos mutagenicity and carcinogenicity in relevant target cells, directly or indirectly, are: (1) ROS and RNS production, (2) DNA and chromosomal damage, (3) apoptosis, (4) p53 expression, and (5) inflammatory responses. The substantial in vitro and in vivo evidence are highlighted in this section.

ROS and RNS {#s25}
-----------

### ROS {#s26}

ROS including O~2~·^−^, ·OH, and H~2~O~2~, are important second messengers of asbestos toxicity that promote malignant transformation induced by multiple types of asbestos ([@ref114]; [@ref159]; [@ref276]; Aust et al., 2011, this issue). As recently reviewed by [@ref192], there are at least three mechanisms by which asbestos generates ROS that include the following: (1) reactions at the surface of mineral dusts, (2) activation of alveolar macrophages (AM) or polymorphonuclear neutrophils (PMN), inflammatory cells in the distal lung responsible for clearing the fibers, and (3) lung target cell mitochondrial dysfunction (e.g., lung epithelial cells). In cell-free systems, electron spin resonance (ESR) spectroscopy studies directly demonstrated that asbestos induces the production of ROS ([@ref159]; [@ref320]). Following asbestos inhalation into the lung, asbestos bodies are formed as the fibers are coated with mucopolysaccharides and Fe on its surface, the latter of which is redox-active, can cycle between the oxidized and reduced forms, and triggers DNA damage ([@ref114]; [@ref159]; [@ref276]). Consistent with these observations suggesting that asbestos alters lung Fe homeostasis, increased levels of bronchoalveolar lavage fluid (BALF) Fe, transferrin, transferrin receptors, lactoferrin, and ferritin were detected in asbestos-exposed individuals ([@ref105]). Further, several lines of evidence suggest a crucial role for Federived free radicals in mediating asbestos toxicity. First, several investigators showed that Fe chelators inhibit asbestos-induced ·OH formation in cell-free systems as well as in relevant lung target cells ([@ref159]; [@ref114]; [@ref276]; [@ref105]). Second, asbestos promotes antioxidant enzyme (AOE) expression in lung epithelial and mesothelial cells, while exogenously administered AOE reduces asbestos-induced ROS production ([@ref114]; [@ref159]; [@ref276]). Finally, there are considerable in vivo data demonstrating that asbestos triggers ROS production---for example, a single intratracheal instillation of Fe-loaded chrysotile asbestos induces ·OH in rat lungs as assessed by electron spin resonance (ESR) spectroscopy ([@ref271]). As reviewed in detail elsewhere, there is some in vivo evidence that Fe chelators and AOE may attenuate asbestos-induced mesothelial and epithelial cell toxicity. Collectively, these data demonstrate that asbestos augments ROS production in all the relevant lung target tissues and cells. Phagocytosis of fibers is often associated with extracellular oxyradical production from the target cells through activation of the membrane-associated enzyme complex NADPH (nicotinamide adenine dinucleotide phosphate) oxidases. Asbestos-induced ROS production is not simply the result of "frustrated phagocytosis" since, as noted earlier, asbestos induces cellular enzymes involved in ROS production and activates the mitochondria of target cells.

### RNS {#s27}

Asbestos also induces the production of nitric oxide (·NO) and peroxynitrite (ONOO^−^), which may be important in carcinogenesis ([@ref290]; [@ref324]). Inhibitors of nitric oxide synthase (NOS) prevent asbestos-induced formation of DNA adducts, such as 8-OHdG, in human A549 lung epithelial cells ([@ref52]). A significant induction in iNOS protein expression and the formation of nitrotyrosine, a marker of ONOO^−^ formation, in mesothelial cells was demonstrated after exposure to 4 μg/cm^2^ NIEHS chrysotile and crocidolite fibers for 36 h, while nonfibrous carbonyl Fe sphere did not show any marked effect ([@ref55]). NIEHS crocidolite asbestos, but not cristobalite silica, induced transactivation of iNOS in murine macrophage-like cells in vitro at all concentrations (2.5--10 μg/cm^2^) 24 h after exposure ([@ref259]). There are also in vivo data implicating that asbestos induces RNS. For example, [@ref259] observed steady-state production of nitrites/nitrates by AM from rats 3 d after inhalation of 7--10 mg/m^3^ NIEHS chrysotile and crocidolite fibers. In rats, ·NO level and NOS activity in AM of the lungs are increased following intratracheal instillation of UICC chrysotile asbestos ([@ref139]). One week after inhalation of approximately 6.88 mg/m^3^ fibers for 2 wk, NIEHS crocidolite fibers were found to translocate to the pleural space of the rat and augment generation of ROS and RNS that occurred in association with persistent pleural inflammation and cytokine production ([@ref56]). Both NIEHS chrysotile and crocidolite fibers triggered NOS expression in macrophages by activating an Fe-sensitive transcription factor in rats exposed intermittently over 2 wk to 6.88--9.24 mg/m^3^ fibers ([@ref288]). Further, strong immunoreactivity for nitrotyrosine was detected in lungs of these rats at the alveolar duct bifurcations and within the bronchiolar epithelium ([@ref288]). Thus, these findings firmly establish the presence of RNS following asbestos exposure ([@ref335]).

Overall, asbestos fibers may generate ROS and RNS production through several mechanisms: (1) asbestos-associated surface Fe-catalyzed ROS production, (2) release of ROS from phagocytes such as macrophages upon the activation of these cells by asbestos, (3) production of ROS from damaged/interrupted mitochondrial respiratory chain in target cells, and (4) induction of iNOS by asbestos and asbestos-induced oxidative stress ([@ref159]; [@ref164]; [@ref166]; [@ref245]; [@ref277]; [@ref297]). The in vitro and in vivo data addressing the causal role of ROS and RNS in asbestos-induced DNA/chromosomal damage and mutagenesis in target cells/tissues was previously summarized. The interrelations between ROS and RNS and other asbestos-induced biological activities (i.e., apoptosis, P53 expression and inflammation) are analyzed below, if available.

DNA and Chromosomal Damage {#s28}
--------------------------

DNA and chromosomal damage is an early event in asbestos-exposed cells that may contribute to the malignant potential of fibers ([@ref159]; [@ref114]; [@ref276]). Over the last 20 yr, accumulating evidence have convincingly established that all types of asbestos induce DNA and chromosomal damage in all the relevant lung and pleural target cells as assessed using a variety of techniques. These effects occur in an asbestos concentration-dependent manner ranging from 0.05 to 250 μg/cm^2^ ([@ref147]; [@ref304]). Compared to alveolar epithelial and mesothelial cells, bronchial epithelial cells have less DNA damage following asbestos exposure, which was attributed to their greater antioxidant capacity ([@ref104]; [@ref228]; [@ref257]). Similarly, in cultured alveolar type 1 (WI-26 and primary isolated rat alveolar epithelial cells)- and type 2 (A549)-like epithelial cell lines, there is a suggestion that alveolar type 1 cells, which account for \>90% of the lung surface area, are more susceptible to amosite asbestos (5--250 μg/cm^2^) and cigarette smoke-induced DNA damage and subsequent poly-ADP-ribose polymerase (PARP) activation, an enzyme involved in DNA repair and apoptosis ([@ref160], [@ref163]).

As previously described, asbestos-induced DNA and chromosomal damage may be mediated through various mechanisms including asbestos-induced ROS and RNS, physical interference of asbestos fibers with mitosis, synergistic effect between asbestos and cigarette smoke, and altered cellular growth and death signaling pathways. Although fiber-induced DNA and chromosomal damages are frequently associated with cellular toxicity, there are occasions whereby non-critically damaged cells bypass DNA repair pathways, or apoptotic or other cellular death pathways, and successfully passing on the damaged genome to daughter cells. These lead to multiple mutagenic effects including point mutations, large deletion at gene and chromosomal levels, and loss of heterozygosity in various target cells ([@ref108]; [@ref147]; [@ref159]; [@ref164]; [@ref304]).

It should be noted that although the evidence from many studies indicates that ROS is one of the major causes of asbestos-induced DNA and chromosomal damage, there are no animal models or human studies showing that blocking any one of these effects is beneficial against mutagenesis. Strategies blocking site-specific ·OH and ONOO^−^ production or targeting the various sources of ROS/RNS production may be important but need to be carefully considered. For example, the finding from large clinical trials (e.g., ATBC and CARET) that beta-carotene paradoxically increases the incidence of lung cancer in smoking asbestos workers, may be explained by beta-carotene acting as an antioxidant at low concentrations but as a prooxidant at high concentrations or in the setting of chronic oxidative stress ([@ref244]).

### Apoptosis {#s29}

Apoptosis (programmed cell death) is an important mechanism by which cells with DNA damage are eliminated without eliciting an inflammatory response ([@ref276]; [@ref304]; [@ref177]; [@ref173]; [@ref102]). Apoptotic cells are characterized by nuclear chromatid condensation, endonuclease activation resulting in DNA fragmentation, translocation of phosphotidylserine to the outer plasma membrane, and generation of double-stranded DNA breaks. The two major pathways regulating apoptosis include the (1) mitochondrial (intrinsic) pathway and (2) death receptor (extrinsic) pathway. The mitochondrial death pathway mediates apoptosis induced by DNA damage. The Bcl-2 family of anti-apoptotic (e.g., Bcl-2, Bcl-xl, etc.) and pro-apoptotic proteins (e.g., Bax/Bak and BH3 only-like proteins) localize to the mitochondria and endoplasmic reticulum where they regulate intrinsic cell death. Diverse apoptotic stimuli, including asbestos fibers, trigger cytochrome c release from the mitochondria that binds apoptosis activating factor 1 (APAF-1) and caspase-9 to activate caspase-3 ([@ref102]; [@ref173]; [@ref177]; [@ref276]; [@ref304]). Cytochrome c release results from a collapse in the mitochondrial membrane potential (Δψ~m~) generated by a H^+^ gradient produced by the electron transport chain (ETC).

It was established that asbestos triggers apoptosis in all relevant lung target cells ([@ref102]; [@ref276]; [@ref304]). Apoptosis occurs in an asbestos concentration-dependent manner (1.25--100 μg/cm^2^) as detected by a variety of assays including the DNA-specific labeling and terminal deoxynucleotidyl transferasemediated deoxyuridine triphosphate nick-end labeling (TUNEL) staining nuclear morphology, electron microscopy, DNA laddering, annexin V binding, caspase-3 activation, and a DNA fragmentation enzyme-linked immunosorbent assay (ELISA) ([@ref5]; [@ref29]; [@ref42]; [@ref45]; [@ref46]; [@ref70]; [@ref78]; [@ref106]; [@ref110]; [@ref154]; [@ref171]; [@ref184]; [@ref204]; [@ref223]; [@ref248], [@ref245], [@ref247], [@ref246]; [@ref277], [@ref278]; [@ref284]; [@ref334]). In general, a relatively low dose of asbestos exposure (\<1 μg/cm^2^) results in proliferative signaling in lung epithelial and mesothelial cells, while higher asbestos doses result in apoptosis and proliferation blockade ([@ref276]; [@ref334]). It is noteworthy that asbestos-induced necrosis (not addressed in this document), another form of cell death, usually occurs at high cytotoxic doses that put the cells under extreme physicochemical stress ([@ref99]). Compared to primary cultured mesothelial cells, malignant mesothelioma cell lines are resistant to apoptosis ([@ref106]). Several studies implicated a role for Fe-derived ROS based on the protective effect of Fe chelators and free radical scavengers on asbestos-induced apoptosis ([@ref5]; [@ref29]; [@ref42]; [@ref110]; [@ref154]). Furthermore, in vitro studies established that asbestos activated mitochondria-regulated apoptosis in cultured alveolar epithelial cells (AEC) and mesothelial cells based upon the following findings: (1) Preventing activation and mitochondrial translocation of protein kinase C δ (PKC δ) is protective, (2) lung epithelial cells that are incapable of producing mitochondrial ROS (ρ° A549 cells) are resistant to asbestos-induced intrinsic apoptosis, and (3) overexpression of mitochondria-targeted 8-oxoG-DNA glycosylase (a DNA repair protein involved in base excision repair) attenuates asbestos-induced intrinsic apoptosis ([@ref5]; [@ref45]; [@ref171]; [@ref248], [@ref245], [@ref247], [@ref246]; [@ref277], [@ref278]; [@ref284]). These in vitro studies are corroborated by in vivo evidence showing that asbestos (amosite, crocidolite, and chrysotile) induces apoptosis in cells at the bronchoalveolar duct junctions and AEC as assessed by TUNEL staining and TEM as well as in mesothelial cells as assessed by morphologic change in cytokeratin ([@ref29]; [@ref38]; [@ref157]; [@ref204]; [@ref247]; [@ref284]). These findings suggest various types of asbestos induce apoptosis in all the relevant lung and pleural target cells.

Because the link between asbestos-induced apoptosis and mutagenesis is not completely known, cell and tissue type specific effects following exposure to different asbestos fiber types are lacking. Excess apoptosis probably has been involved in promoting excessive cell death, pulmonary injury and fibrosis in asbestos-exposed lungs. Studies showed that asbestos fibers (1--25 μg/cm^2^) induced concentration-dependent apoptosis (up to over 30%) in lung epithelial cells and rat, rabbit, or human pleural mesothelial cells. This phenomenon was not observed after exposure of cells to a number of nonelongated particles at relatively high concentrations (10 or 25 μg/cm^2^) ([@ref29]; [@ref42]; [@ref162]). However, failure of apoptosis of cells with unrepaired DNA and chromosomal damage after chronic exposure to asbestos may lead to permanent genetic alterations and trigger the development of a clone of cancerous cells, thus contributing to asbestos-induced mutagenicity and carcinogenicity ([@ref291]). Consistently, malignant mesothelioma cells are found to be apoptosis resistant ([@ref98]; [@ref223]). Studies are underway exploring the underlying molecular mechanisms. Aung and colleagues (2007) showed that asbestos induces ferritin heavy chain (FHC) expression in human mesothelial cells and malignant mesothelioma (MM) cell lines. Notably, FHC acted as an anti-apoptotic protein against oxidative stress since silencing FHC using small interfering RNA promotes apoptosis in MM cells ([@ref13]). In addition, taurolidine preferentially augmented apoptosis in mesothelioma cells but not in nonneoplastic human mesothelial cells by mechanisms involving an inhibition of oxidative stress and AKT signaling ([@ref1]). Altered apoptosis in immune cells may also be important. For example, a T-cell line rendered resistant to 10 μg/ml chrysotile B-induced apoptosis following 8 mo of exposure was characterized by increased Bcl-2 expression, excess IL-10 expression, and STAT3 activation, all of which could be blocked to trigger apoptosis ([@ref212]). One group showed that asbestos-induced intrinsic apoptosis in lung epithelial cells was blocked by overexpression of mitochondrial aconitase, a key enzyme in the Kreb\'s cycle implicated in preserving mitochondrial DNA (mtDNA) ([@ref246]). Furthermore, overexpression of mitochondria-targeted hOgg1 (define), which primarily functions to preserve mitochondrial aconitase, prevented asbestos- and H~2~O~2~-induced AEC mitochondrial dysfunction and intrinsic apoptosis ([@ref246]). Numerous groups are targeting a wide range of molecular pathways to overcome the resistance of malignant mesothelioma to apoptosis ([@ref307]). Additional studies are warranted to better understand the molecular mechanisms underlying asbestos-induced apoptosis, how apoptosis resistant cells are formed during mutagenesis, and whether there are unique molecular apoptotic signatures in the various lung target cells. Further, it will be important to determine the translational significance of these findings in animal models and in humans exposed to asbestos.

### p53 {#s30}

Altered p53 expression is also implicated in the pathophysiology of asbestos-associated malignancies. p53 is a transcriptional factor and a critical DNA damage response molecule that affects numerous genes involved in cell cycle arrest and apoptosis (when DNA damage is extensive) in part by the intrinsic death pathway ([@ref145]; [@ref310]). A normal functioning p53 response after exposure to DNA damaging agents prevents mutations from accumulating. Not surprisingly, the most common mutations in human tumors involve the p53 gene family members ([@ref145]; [@ref310]). Mutations in the p53 gene in lung cancer were associated with asbestos exposure ([@ref191]; [@ref231]; [@ref316]), while opposite results were also reported ([@ref137]). Although the association between p53 mutation and asbestos exposure in lung cancer patients has been controversial, it is established that asbestos induces p53 expression in lung epithelial and mesothelial cells that results in cell cycle arrest and intrinsic apoptosis ([@ref46]; [@ref155]; [@ref175]; [@ref183]; [@ref207]; [@ref242]; [@ref247]). ~P~21^cip1/waf1/sd11^ (p21) is a family of proteins (p21, p27 and p57) downstream of p53 expressed during a p53 genotoxic stress response following exposure to DNA damaging agents including asbestos, resulting in cell cycle arrest to allow time for DNA repair (Johnson et al., 1997; [@ref183]; [@ref300]). Activation of p53-dependent transcription is crucial for triggering asbestos-induced AEC mitochondria-regulated apoptosis ([@ref247]; [@ref295]). The levels of p53 accumulation in the respiratory epithelium of lung cancer patients with asbestosis and p53 point mutations are widely evident ([@ref136]; [@ref227]; [@ref247]; [@ref295]). Crocidolite asbestos (0.2--20 μg/cm^2^) promotes p53 gene mutations predominantly in exons 9--11 in BALB/c-3T3 cells in a non-concentration-dependent manner ([@ref186]). Furthermore, there are in vivo studies showing that a single dose of 5--h aerosol chrysotile asbestos exposure induces p53 expression in vivo in lung epithelial cells at the bronchiolar--alveolar duct junctions where fibers are initially deposited ([@ref211]). Finally, gene expression microarray studies confirmed a prominent role for p53 expression in mesothelial and lung epithelial cells ([@ref127]; [@ref230]). Collectively, these data indicate that asbestos fibers modify the p53 signaling pathway in exposed lung epithelium and mesothelium.

Despite the prominent role of p53 in mediating asbestos-induced mitochondrial dysfunction and intrinsic apoptosis in AEC, studies targeting p53 in order to modulate asbestos-induced toxicity show conflicting findings. For example, lung cancers and mesotheliomas that occur following asbestos exposure develop more rapidly in mice with compromised p53 function ([@ref306]; [@ref214]; [@ref330]). Asbestos-induced p53 expression in the lung epithelium is blocked by phytic acid, an Fe chelator that inhibits asbestos-induced pulmonary fibrosis in vivo ([@ref211]; [@ref247]; [@ref326]). However, asbestos-induced pulmonary fibrosis is increased in mice expressing a dominant-negative mutant form of p53, compared with control mice expressing wild-type p53 ([@ref224]). The explanation for these seemingly disparate findings requires further study but may in part be due to the diverse life and death functions of p53, and the dynamic expression of p53 over time. For example, mitochondrial-localized p53 enhances the accuracy of mtDNA synthesis, suggesting that p53 serves as a guardian of the mitochondrial genome ([@ref16]). In the absence of functional p53 proteins, it is likely that the resultant increase in genomic instability due to impaired control of DNA damage and cell cycle arrest may promote tumor yield. Thus, additional studies are necessary to better define the precise role of p53 in all the relevant lung and pleural target cells following asbestos exposure. It is noteworthy that the change in expression of other genes that might be implicated in the pathogenesis of asbestos-induced carcinogenicity is previously reviewed.

Inflammation {#s31}
------------

Biopersistent asbestos fibers trigger chronic inflammatory responses both in animal models and in the lungs of patients with asbestos-related pulmonary diseases ([@ref268]; [@ref217]; [@ref164]; [@ref231]). Asbestos-induced lung inflammation can promote secondary mutagenicity by releasing ROS/RNS from activated AM, lung epithelial cells, and mesothelial cells ([@ref164]; [@ref217]; [@ref231]; [@ref268]). [@ref159] demonstrated all forms of asbestos activate animal and human PMN and AM to release ROS. Activated lung target cells attempting to clear the fibers from the lung, especially AM and lung epithelial cells, produce cytokines, chemokines, proteases, and growth factors that promote cellular proliferation and tissue repair but, if persistently activated, lead to fibrosis and mutagenesis ([@ref268]; [@ref217]; [@ref164]; [@ref231]). A murine laser capture microdissection study documented that 10 mg/m^3^ chrysotile asbestos induced gene expression (tumor necrosis factor \[TNF\]-α, transforming growth factor \[TGF\]-β, and others) at the bronchiolar--alveolar duct junctions; this location is precisely where fiber deposition is the greatest in animals exposed for 2 or 3 d ([@ref333]). TNF-α is prominently implicated in the direct association between inflammation and malignancy because it is crucial for mediating tumor promotion and cell transformation in various model systems ([@ref18]; [@ref286]). In human mesothelial cells, TNF-α prevented asbestos-induced cell death via a nuclear factor (NF)-κ B-dependent mechanism despite the presence of cytogenetic abnormalities ([@ref328]). It was established that asbestos-induced expression of TNF-α and other pro-inflammatory cytokines is mediated through MAPK pathways. For example, evidence shows that in human monocytes, increased TNF-α gene expression in patients with asbestosis is due to constitutively activated p38 and decreased phosphorylated extracellular signal-regulated kinase (ERK) when compared to normal subjects ([@ref289]). Asbestos-induced MAPK pathway members are important second messengers crucial for mediating cell surface signals to the nucleus ([@ref70]; [@ref154]). These studies underscore the importance of inflammation and, in particular, the role of MAPK, TNF-α, and NF-κ B-dependent signaling pathways in the pathogenesis of asbestos-induced carcinogenesis.

Another recently described mechanism by which carcinogenic mineral fibers such as asbestos, but not inert particles, activate pulmonary inflammation is via ROS-mediated Nalp3 inflammasome sensing ([@ref49]; [@ref83]). Inflammasome, a complex of proteins that possess distinct roles in the innate defense system, is contained in macrophages and neutrophils and considered as cellular sensors of danger signals ([@ref84]; [@ref299]). Nalp3 stands for Nacht domain-, leucine-rich repeat-, and pyrin domain (PYD)-containing protein 3. It is a member of the NLR (NOD-like receptor) family of more than 20 proteins that contain a caspase activation and recruitment domain (CARD) and activates caspase-1 in response to diverse stimuli ([@ref253]). The Nalp3 inflammasome is formed when Nalp3 activation recruits the inflammasome adaptor apoptosis-associated speck-like protein containing a CARD (ASC) and then caspase-1 by CARD--CARD interactions. After exposure to 40 μg/cm^2^ or 0.0.5--0.2 mg/ml chrysotile asbestos for 6 h, lipopolysaccharide (LPS)-primed macrophages that derived from murine bone marrow of wild-type C57BL/6 mice showed a significant activation of Nalp3 inflammasome and the subsequent secretion of the proinflammatory cytokine interleukin-1 β (IL-1β). Similarly, LPS-primed macrophages derived from Nalp3, ASC, or caspase-1 deficient mice showed a marked defect in their ability to secrete IL-1β in response to asbestos exposure ([@ref49]; [@ref83]). Similarly, in Nalp3, ASC, or caspase-1 deficient mice, NIEHS chrysotile asbestos (approximately 7 mg/m^3^ air for 6 h/d for a total of 8 d, animals sacrificed on d 9) or silica (repeated dose of 20 mg/ml on d 0 and 14, animals sacrificed on d 30)-induced lung inflammatory cell recruitment and cytokine production (interleukin \[IL\]-1β and CXCL1 \[chemokine (C-X-C motif) ligand 1\]) are reduced compared to wild-type mice ([@ref49]; [@ref83]). The activation of inflammasome observed in these studies was triggered by ROS, which was generated by NADPH oxidase upon fiber phagocytosis or mitochondria oxidative phosphorylation, or both. These findings demonstrate a key role for Nalp3 inflammasome in recognizing fibers and other airborne pathogens and triggering chronic inflammation.

The direct link between asbestos-induced specific inflammatory stimuli and carcinogenesis is not established. Current data suggest that inflammation might mediate this process by promoting cell proliferation and resistance to apoptosis. In murine lung epithelium, disruption of MAPK-1 (MEK1) using a dominant-negative transgene targeted to the bronchiolar epithelium with the CC10 promoter inhibited asbestos-induced proliferation and procollagen gene expression ([@ref202]). In addition, IL-1β and TNF-α, the major cytokines released by macrophages after inhalation of asbestos, were found to regulate human mesothelial cell proliferation by promote the transformation of these cells ([@ref317]). Furthermore, inactivation of the AKT and MAPK pathways appears crucial for triggering asbestos-induced AEC apoptosis ([@ref17]). The AKT/mammalian target of rapamycin (mTOR) signaling pathways augment tumor formation in part by promoting the formation of cells that are resistant to apoptosis ([@ref54]; [@ref107]). [@ref322] showed that mTOR increased survival of MM cells and that rapamycin, an mTOR inhibitor, or silencing of p--S6K, a major downstream target of mTOR, augmented cell death of these otherwise apoptosis-resistant MM cells. Thus, targeted disruption of MKP-3 or activated p38 in macrophages may limit TNF-α gene expression or regulate AKT/MAPK/mTOR signaling in the lung epithelium or MM cells and yields novel approaches that merit additional studies.

Although asbestos triggers inflammatory responses in target tissues and cells, there are no animal models or human studies showing that blocking any one aspect of inflammation is beneficial against mutagenesis or malignant transformation. The link between inflammation and malignancies arising in humans exposed to asbestos merits further study, especially the role of the Nalp3 inflammasome. Future confirmatory studies are required to complete this link as well as to better characterize which inflammatory signal are crucial for asbestos-induced mutagenesis in humans.

Summary {#s32}
-------

Overall, five biological responses that might facilitate each other in promoting asbestos-induced mutagenicity in a highly interrelated fashion are described. Data from existing studies suggest that asbestos fibers induce ROS/RNS production, DNA and chromosomal damage response, p53 activation, apoptosis, and inflammation in all the relevant lung and pleural target cells. In addition, asbestos-induced responses show cell type specificity. Following asbestos inhalation, AM and lung epithelial cells rapidly internalize the relatively short fibers, while mesothelial cells also take up the fibers upon their migration to the pleura. In comparison with alveolar epithelial and mesothelial cells, bronchial epithelial cells are relatively resistant to asbestos-induced DNA damage, in part because of their greater antioxidant capacity ([@ref104]; [@ref228]; [@ref257]). Data suggest that alveolar type 1 epithelial cells are more susceptible than type 2 cells to asbestos-induced DNA damage and subsequent PARP activation ([@ref160], [@ref163]). Confirmatory studies are needed to assess these findings in primary isolated human AEC for a better understanding of the mechanism involved.

The findings from existing studies confirm that asbestos-induced mutagenic and nonmutagenic pathways are overlapping and interrelated with each other. However, it is not clear how the complex overlapping signaling pathways regulating ROS/RNS production, DNA and chromosomal damage response, p53 activation, apoptosis, and inflammation are coordinated in promoting a mutagenic response following asbestos exposure. In addition, clear-cut evidence that blocking any one of the five known carcinogenic pathways would be beneficial against asbestos--induced mutagenesis has not been provided by any animal studies. In this regard, future studies using transgenic animal models and pharmacologic and genetic strategies targeting each of these five key components will help to better understand the crucial role of each in promoting mutagenicity in relevant target cells. Furthermore, with rare exceptions, there are inadequate human data validating the major in vitro and in vivo animal studies implicating ROS/RNS, DNA damage, apoptosis, and p53 activation in mediating asbestos-induced mutagenesis in each of the lung target cells. Therefore, human studies in asbestos-exposed individuals with or without a manifestation of asbestos-related diseases are critically important for validating the in vitro and in vivo findings.

HEALTH ENDPOINTS WITH AND WITHOUT MUTAGENICITY AS A KEY EVENT {#s33}
=============================================================

The asbestos-induced biological/pathological effects may eventually manifest as different benign or malignant asbestos diseases, including asbestosis, pleural plaques, malignant lung cancer, and mesothelioma. It is believed that asbestos-induced benign diseases and cancers share some common underlying mechanisms, such as prolonged induction of radical species and chronic inflammation ([@ref164]; [@ref217]; [@ref276]). However, asbestos-induced malignancies may occur through distinct mechanisms, as mutagenicity is at the center of neoplastic transformation induced by environmental carcinogens. The kinetics of the pathologies is clearly different in both humans and experimental animals. Although some epidemiological studies suggest that lung fibrosis is usually considered a precursor of lung cancer in humans, the results from six animals show that the presence of fibrosis is not correlated with the presence of lung tumors on the single-animal level ([@ref36]). Evidence indicated that asbestos workers developed cancers without having asbestosis, and the asbestos burden in the lungs of asbestos-associated mesothelioma or lung cancer patients had huge variations ([@ref73]; [@ref266]). Asbestosis, on the contrary, is more directly associated with asbestos fiber burden in the lung and may develop without mutagenicity as a key event.

Pleural Plaques and Diffuse Pleural Thickening {#s34}
----------------------------------------------

Scars on the parietal pleura that become calcified are visualized on x-rays of the lung and are called pleural plaques (Kane et al., 2011, this issue). Scars (1) typically occur 20 to 30 yr after exposure, (2) are frequently bilateral and symmetric, and (3) occur primarily on the posterolateral chest wall between the fifth and eight ribs, over the mediastinal pleura, and on the dome of the diaphragm. The underlying mechanism is pleural inflammation that may result either from direct injury from fibers within the pleural cavity, or indirectly from cytokines or other factors released from the lung ([@ref53]). These pleural plaques are considered to be a biomarker of exposure to asbestos, but based on epidemiology studies do not appear to increase the risk of either mesothelioma or lung cancer ([@ref166]). Therefore, this form of lung damage is not believed to play a role in carcinogenesis. Diffuse pleural thickening (DPT) refers to extensive fibrosis of the visceral rather than the parietal pleura ([@ref210]). In this form of asbestos injury, subpleural fibroblasts and mesothelial cells produce scar tissue and collagen deposition. DPT and pleural plaques frequently coexist, and although they produce different symptomatology, functional impairment, and prognosis, their underlying mechanisms may be similar. Both are believed to involve the cytokine TGF-β, which is expressed by mesothelial cells ([@ref210]). The roles of other cytokines and growth factors and the role of ROS in pleural fibrosis were reviewed by [@ref222]. In addition, the activation Factor VII leading to fibrin deposition in the coagulation pathway contributes to fibrosis. There does not appear to be a role for mutagenesis in the development of pleural fibrosis. The lack of increased risk for lung cancer or mesothelioma in these diseases of pleural fibrosis argues strongly for a lack of mutagenesis in their development. In addition, our understanding of the role of pathways of gene expression in the pathogenesis of these diseases supports this conclusion.

In summary, there is reasonable certainty that mutagenesis does not play a role in the development of pleural plaques and diffuse pleural thickening produced by asbestos. Rather, these conditions appear to be produced by changes in gene regulation induced by the generation of ROS including inflammation.

Mesothelioma {#s35}
------------

One characteristic of mesothelioma is the long latency for the production of this cancer following asbestos exposure. In animal studies, such a characteristic has usually been associated with a role of tumor promotion by asbestos-induced alterations of redox-signaling pathways. However, there may also be a lag created by the required translocation time for asbestos fibers to reach the parietal pleura. Furthermore, multiple genetic alterations were initially found in mesotheliomas. These strongly suggest the operation of mechanisms that might primarily involve a direct mutagenic effect of asbestos fibers and a prevention of the repair of DNA damage through stimulation of cell proliferation.

Recent publications pointed to initial events involving mutagenicity. The studies that found ROS and 8-oxodG generation, chromosome damage, and mitosis impairment in rat and human mesothelial cells, upon the phagocytosis of asbestos fibers, were previously described. It is noteworthy that several in vivo studies observed increased levels of 8-OHdG, DNA strand breaks, or mutagenic events in animals exposed to asbestos fibers for a short term ([@ref174]; [@ref263]; [@ref295]; [@ref303]).

Specific chromosomal defects have now been discovered to be associated with asbestos-induced mesothelioma in humans that argue for specific mutations being initial events in this disease ([@ref221]). The loss of one copy of chromosome 22 was reported to be a consistent aneuploidy found in mesothelioma, and cytogenetic alterations involving Neurofibromatosis type 2 (NF2), whose genetic position is 22q12, is found in up to 100% of mesothelioma cases but not in lung cancers ([@ref298]). There is evidence that alterations in chromosomes 1, 14, 21, and 22 might be an early indicator of disease process ([@ref112]). Other common cytogenetic abnormalities in mesothelioma involve the tumor suppressor genes for cyclin-dependent kinase (CDK) inhibitor proteins ([@ref221]). Involvement of these genes in human mesotheliomas was further affirmed using specific gene knockout mice ([@ref100]; [@ref7], [@ref8]; [@ref181]; [@ref156]). It is believed that the continuing elucidation of genetic defects involved in mesothelioma may lead to better therapeutic strategies for this disease ([@ref62]). Inactivations of genes by epigenetic effects were described in melanoma involving methylation of tumor suppressor genes. The methylation profiles are different in mesothelioma and lung cancer; however, in some cases, these effects may be produced by infection of the SV40 virus ([@ref298]). Other paracrine growth factors, including epidermal growth factor (EGF) and hepatocyte growth factor (HGF), as well as increased expression of receptor proteins for EGF, HGF, and other growth factors, may be involved in regulating enhanced cell proliferation in asbestos-induced mesothelioma. Growing evidence suggests a role of asbestos-induced redox-dependent signal pathways in malignant mesotheliomas and lung cancer. A better understanding of the dysregulation of these signaling pathways may benefit the prevention and therapy of asbestos-related mesothelioma ([@ref122]).

In summary, specific genetic and chromosomal abnormalities are found in human and animal mesotheliomas. Asbestos-induced DNA and chromosomal damages, as well as the corresponding mutagenic events, were produced experimentally in human or rodent mesothelial cells. However, the direct causal link between asbestos-induced mutations and mesothelioma has not been established in animals or humans. In addition, alterations in gene expression and epigenetic changes may contribute to the pathogenesis of mesothelioma but additional information is needed to confirm the results.

Asbestosis {#s36}
----------

Fibrosis is the hallmark of asbestosis. Several lines of evidence suggest that asbestos and asbestos-induced ROS produce a number of sequential changes that do not involve mutagenic events, including inflammation, cell proliferation, and fibrosis, thereby producing asbestosis. [@ref215] found that crocidolite instillation produced signs of inflammation in rats, such as macrophages and neutrophils, which might be prevented by catalase subcutaneous administration. This finding suggested that H~2~O~2~ was involved in generating ROS through the Fenton reaction. [@ref271] demonstrated that ·OH radicals were produced by instillation of Fe loaded chrysotile, which might be prevented by salicylate. The generation of ROS leads to alterations in the expression of various genes involved in redox-sensitive signaling pathways. For example, ROS could stimulate growth factors IGF1 (insulin-like growth factor 1) and PDG (platelet-derived growth factor) and increased proliferation of epithelial and interstitial cells, leading to a tissue mass rise and macrophage accumulation after instillation of chrysotile fibers ([@ref43]; [@ref74]). Depletion of GSH resulting from oxidative stress leads to activation of AP-1 and therefore cell proliferation as shown by in vitro studies ([@ref74]; [@ref146]). The production of TNFα by macrophages that have phagocytosed asbestos fibers also leads to the depletion of GSH ([@ref74]). The promotion of cell proliferation observed in these studies might be an intermediate process related to the generation of fibrosis. The other signaling pathways that might be potentially involved in asbestos-induced fibrosis, including altered p53 and p21 expressions, MAPK pathways, cytokines (i.e., TNF-α, TGF-β, IL-1β, and CXCL1), and inflammasome activation, were previously described here and by Mossman et al. (2011, of this issue).

Importantly, apoptosis has been related to the generation of fibrosis by asbestos ([@ref4]; [@ref158]). The same mechanism that has been implicated in neoplasia, i.e., generation of ROS, may also produce genotoxicity that produces cell death through apoptosis or even necrosis. Excessive cell deaths are associated with pulmonary tissue injury and fibroblast proliferation, which leads to fibrosis ([@ref4]; [@ref158]). Thus, there might be a role for DNA damage but not mutagenesis in the production of asbestosis.

In conclusion, there may be not be a direct role for mutagenicity in the pathways that produce asbestosis; however, genotoxicity may produce cell death and apoptosis, which may contribute to inflammation, cell proliferation and fibrosis. There is reasonable certainty that asbestos-induced genotoxicity and the subsequent alterations in cellular signaling produce asbestosis, especially those involved in inflammatory processes.

Lung Cancer {#s37}
-----------

There are two primary types of lung cancer: small-cell carcinoma and non-small-cell carcinoma. The latter includes three histological types: large-cell carcinoma, squamous-cell carcinoma, and adenocarcinoma. All these four histological types of lung cancer occur in asbestos-exposed patients ([@ref57]). In recent years, there are an increasing number studies addressing the cytogenetic changes in asbestos-related lung cancer ([@ref231]). An early CA occurs in lung cancer is located in 2p and 3p ([@ref232]; [@ref321]). This specific CA occurs more frequently in asbestos-exposed patients. Other asbestos specific aberrations were detected in chromosomes 1, 5, 8, 9, and 19p. Microsatellite analysis found statistically significant differences in 19p13 allelic imbalance between asbestos-exposed and unexposed lung cancer cases ([@ref321]). Allelic imbalance was found for 9q31.3-q34.3 in 100% of asbestos-exposed versus 64% of unexposed cases ([@ref229]). [@ref170] demonstrated an association in lung cancer patients between asbestos exposure and DNA copy number loss and allelic imbalance at 2p16, which was one of those that differed most between asbestos-exposed and nonexposed patients. It is noteworthy that most of the asbestos-exposed subjects were also cigarette smokers. So far the available research has not located a specific genetic change that is clearly linked to asbestos exposure, but rather increases in changes that occur without asbestos exposure and usually in a background of cigarette smoking. Nevertheless, there is evidence that specific gene alterations, such as the inactivation of p16^INK4A^ in asbestos-associated non-small-cell lung cancer, occur mainly through deletion. In contrast, inactivation by methylation is more often associated with non-asbestos-associated lung cancer cases ([@ref10]). In addition, mutations in TP53 in lung cancer patients have been positively associated with asbestos exposure ([@ref231]).

For at least some cases of lung cancer, there appears to be a synergistic effect of cigarette smoking and asbestos ([@ref91]). The fact that the mutagenic potential of cigarette smoking is promoted by the processes leading to asbestosis may be an explanation for synergy, which is observed experimentally in initiation--promotion studies of carcinogens. In such experiments, noncarcinogenic doses of tumor promoters greatly enhance the carcinogenic effects of mutagenic carcinogens.

In some cases, the presence of asbestosis is associated with increases the risk of lung cancer. However, it is uncertain whether the development of asbestosis is merely a doserelated biomarker for asbestos exposure or whether asbestosis produces a necessary or an enhanced environment for the production of cancer. There has been considerable debate regarding the requirement of asbestosis and cigarette smoke exposure for asbestos-related lung cancer development. In general, there have been studies supporting both possibilities, and so far there is no consensus whether or not asbestosis promotes lung cancer ([@ref123]; [@ref166]). However, the development of both asbestosis and lung cancer might be produced by the same agents, i.e., ROS generated secondary to asbestos-induced inflammation. The alterations in the expression of genes involved in inflammation, cell proliferation, and apoptosis, such as p53 and p21, MAPK pathways, cytokines TNF-α, TGF-β, IL-1β, and CXCL1, may also be involved in the development of asbestos-associated lung cancer ([@ref158]).

In conclusion, there is some indication for the role of mutagenicity in asbestos-associated lung cancer development; further study is necessary to establish this mechanism. Increased incidences of allelic alterations found in asbestos-exposed cases are also present in many asbestos-unexposed patients. These changes may represent enhancement of mutagens from cigarette smoke or other exposures. There is a reasonable certainty of the involvement of nonmutagenic effects, that is, alterations in gene expression, in asbestos-induced lung cancer development.

DETERMINANT FACTORS OF TOXICITY IN MUTAGENICITY {#s38}
===============================================

Various in vitro and in vivo studies indicated that fiber dimensions, surface properties, shape and crystallinity, chemical composition, and physical durability are important determinant factors of asbestos pathogenicity ([@ref215]; [@ref269]; [@ref282]). The morphology and aspect ratios of inhaled asbestos fibers determine their deposition, subsequent translocation, and finally the primary cellular targets for mutagenic and genotoxic action. In addition, chemical composition and surface reactivity are known to modulate asbestos toxicity. Fibers that are rich in Fe content, e.g., crocidolite, are more reactive in ROS and RNS production and contribute to their mutagenic and genotoxic potential. Asbestos fibers or other aerosol particles that have an insoluble or poorly soluble core onto which adsorbed mutagens (or carcinogens) are carried from the environment into and throughout the human body can facilitate the each other\'s mutagenic response. Significant contributors to this mutagenic pathway include the polycyclic aromatic hydrocarbons (PAH) and tobacco carcinogens, which upon biotransformation convert into reactive intermediates that form bulky adducts to the DNA. This mode of action from tobacco carcinogen was postulated to account for the synergism in lung cancer incidence observed among asbestos workers who also smoked ([@ref111]). Furthermore, the ability of asbestos to remain physically intact in the lung is considered an essential criterion for fiber toxicity. As such, fibers that are durable, e.g., crocidolite and amosite, are significantly more biologically active than glass fibers and chrysotile ([@ref135]). Finally, it is noteworthy that fiber toxicity also depends on the exposure concentration and duration. These factors modify fiber mutagenicity and show bidirectional effects. On one hand, increases in the time or dose of fiber exposure enhance cellular toxicity and genotoxicity in target cells. However, at sufficiently high doses, the mutation yield in short-term assays was found to decrease due to cytotoxicity ([@ref303]; [@ref326], [@ref327]). The chronic effects of cytotoxicity and cell/tissue injury are associated with inflammation, fibrosis, and cell proliferation, which eventually may contribute to asbestos carcinogenicity through nonmutagenic pathway ([@ref216]; [@ref217]). On the other hand, exposure at high concentration or chronic exposure may produce lung overload and impair the clearance of fibers by macrophages, enhancing the carcinogenic and mutagenic potential of asbestos fibers ([@ref36]; [@ref85]; ILSI Risk Science Institute Workshop Participants, 2000; [@ref234]; [@ref235]). Another factor that might affect asbestos fiber toxicity and mutagenicity is individual susceptibility such as genetic background or nutrition status (Mossman et al., 2011, this issue; Case et al., 2011, this issue).

SUMMARY {#s39}
=======

What is Known {#s40}
-------------

1.  Asbestos is clearly mutagenic when assayed using a variety of in vitro and in vivo model systems and induces both gene and chromosomal mutations in target cells by mechanisms ranging from generation of oxidants to physical interaction with the mitotic apparatus of dividing cells.

2.  Specific genetic and chromosomal abnormalities are found in human mesothelioma tissues associated with asbestos exposure. Similar mutation profiles have been identified in murine mesothelioma models.

3.  Mutagenesis does not play a role in the development of pleural plaques and diffuse pleural thickening induced by asbestos. Rather, these conditions appear to be produced by changes in gene regulation produced by the generation of ROS and inflammation.

4.  Asbestos-induced alterations in gene expression induce asbestosis, especially those involved in inflammatory processes.

What Is Postulated to Be True But Requires Confirmation {#s41}
-------------------------------------------------------

1.  Asbestos fibers induce DNA damage and mutation in vivo in rat lung tissues after ip or intratracheal instillation or, in limited cases, inhalation exposure. Additional long-term inhalation studies at doses that are relevant to human exposure experience are needed to confirm the incidence and spectrum of the mutagenic events in animals.

2.  The mutagenic effects of asbestos may result primarily from fiber--cell interaction, or secondarily from fiber-induced ROS/RNS. The latter may involve a threshold depending on the exposure concentration and treatment period that induces chronic inflammation and overwhelms the antioxidant and DNA damage repair capacity of the target tissues. Further studies dissecting these pathways are required to reveal the precise molecular mechanisms of asbestos-induced mutagenesis.

3.  Asbestos-induced biological responses, including ROS/RNS production, DNA and chromosomal damage response, p53 activation, apoptosis, and inflammation, that contribute to asbestos mutagenicity are observed in all the relevant lung and pleural target cells but show cell type specificity. In comparison with alveolar epithelial and mesothelial cells, bronchial epithelial cells are relatively resistant to asbestosinduced DNA damage in part because of their greater antioxidant capacity. Confirmatory studies are needed to provide a better understanding of the mechanism involved.

4.  There is some evidence that alterations in gene expression and epigenetic changes may contribute to the pathogenesis of asbestos-associated mesothelioma but additional information is needed to confirm the results.

5.  Genotoxicity may not be directly involved in the development of asbestosis; however, genotoxicity may produce cell death and apoptosis, which may contribute to inflammation, cell proliferation and fibrosis. The alterations in gene expression involved in these pathways may also be involved in lung cancer development, but more information is needed.

Areas of Uncertainties That Require Additional Research {#s42}
-------------------------------------------------------

1.  Fiber dimension is one of the important determinant factors of asbestos carcinogenicity. Occupational exposure limit levels are based on determination of fibers greater than 5 μm in length. However, in most experiments, dose-effect relationships are generally considered on an asbestos mass basis, but not on number of fibers (total or size-adjusted) or fiber surface area. Although animal data suggest that "long" fibers are more carcinogenic than "short" fibers, it is not clear whether the mutagenic potency of "long" fibers is different from that of "short" fibers. In addition, many existing studies were conducted with fiber doses that impair the clearance of the fibers and produce "overload." It is not known whether "overload" will change the spectrum of asbestos fiber-induced mutations. Therefore, future in vivo and in vitro studies need to use well-characterized fibers (taking into consideration fiber mass, number, size distribution, and/or surface area) at realistic exposure levels. The results from these studies will be more reliable for assessing the potential health risks of exposure for humans.

2.  The direct link between asbestos-induced mutagenesis and carcinogenesis is lacking. Further in vivo inhalation studies coupled with transformation endpoints using well-defined animal models and fibers at relevant exposure levels are required for studying the stepwise processes and identifying the critical tumor-initiating/---promoting mutations in exposed animals.

3.  The mutagenic effect of asbestos fibers at low doses is still unknown. Some evidence from in vitro studies suggests that there is no threshold dose for asbestos-induced mutagenic effects. However, the determination of LOAEL and NOAEL as well as the shape of dose-response curves requires a sufficient number of low doses to be tested. These are generally not available in existing studies. More importantly, in vivo studies are few and conducted using a limited dose range (1--10 mg single dose or repeated doses of 5.73 mg/m^3^ fibers) ([@ref153]; [@ref157]; [@ref174]; [@ref263]; [@ref295]; [@ref303]). Some studies indicated no induction of mutation in the animal lungs at the lowest dose tested. However, these negative results might due to the detection limit of the assay, or the relative short exposure periods. Overall, future studies need to be conducted to test a sufficient number of low-dose groups in animals and cultured relevant target cells.

4.  The concept of a threshold dose below which there is no carcinogenic response upon fiber exposure is still controversial. There is indication that the effective dose is different for mesothelioma induction and lung cancer induction, and for different types of fibers (i.e., chrysotile vs. crocidolite). Limited evidence from inhalation studies in rodents indicates that the doseresponse relationship shows no threshold for asbestos carcinogenicity. Substantial efforts from future studies, both in vitro and in vivo, using well-characterized fibers (as described above in point 1) and several dose metrics, are needed to clarify this uncertainty.

5.  Although ROS/RNS production and the downstream DNA damages are well established in asbestos-treated lung target cells and tissues, the relative contribution from each of the sources of ROS production is still not known. For example, the functional role of mitochondrial and mtDNA alterations in promoting asbestos induced mutagenesis is virtually unknown. More importantly, there are no animal models or human studies showing that blocking any one of these effects is beneficial against mutagenesis. Therefore, strategies targeting the various sources of asbestos-induced ROS production in lung epithelial and mesothelial cells are important.

6.  Asbestos-associated mutagenic and nonmutagenic pathways are interrelated with each other. However, it is not known whether each of the pathways is sufficient in producing asbestos-associated cancers. In addition, it is not clear how the complex overlapping signaling pathways regulating ROS/RNS production, DNA damage response, p53 activation, apoptosis, and inflammation are coordinated in promoting a carcinogenic responses following asbestos exposure. In this regard, studies using murine transgenic models along with targeted over- and underexpression studies will continue to be important for furthering our understanding of the field.

7.  Increased incidences of genetic allelic alterations found in asbestos-exposed lung cancer patients are also present in many non-asbestos-related cases, and these changes may represent enhancement of mutagens from cigarette smoke or other exposures. The causal relationship of specific allelic alterations in relation to fiber carcinogenesis in lung needs to be examined.
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